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The work contained in this thesis was intended to study the rearrangement of 
o-nitrotoluene to anthranil which has previously been shown to occur under avariety 
of conditions. 
Flash Vacuum Pyrolysis (FVP) of nitrotoluene over zeolite 13X was carried 
out. o-Nitrotoluene was found to give conversion to toluene in 5.5% yield with 
recovery of starting material (12%). FVP of m-nitrotoluene gave recovery of toluene 
in 8% yield and starting material (7%). FVP of p-nitrotoluene gave only a trace of 
toluene with mainly recovery of unreacted starting material (12%). FVP of 
1-ethyl-2-nitrobenzene over zeolite 13X gave conversion to ethylbenzene in 13% 
yield and styrene in 4% yield along with recovery of a trace of starting material. 
FVP of nitrotoluene was also carried out over the zeolites A, Y, ZSM-5 and 
mordenite as well as alumina and silica. o-Nitrotoluene was found to give 
conversion to aniline by a combined reduction and dealkylation in yields from 5-41% 
with unreacted stating material (0-51%); o-toluidine and toluene were identified as 
minor products in several of the pyrolyses. m-Nitrotoluene over alumina gave 
aniline and m- toluidine. p-Nitrotoluene over zeolite Y and alumina gave conversion 
to aniline and p-toluidine. FVP of 1-ethyl-2-nitrobenzene over these zeolites, silica 
and alumina gave conversion to aniline and indole in varying amounts; minor 
products of styrene, 2-vinylaniline and ethylaniline were also observed. 
FVP of 3-methylanthranil with no catalyst at 700 °C gave conversion to 
1H-indol-3(2H)-one in 86% yield. FVP of 3-methylanthranil over zeolite mordenite 
at 500 °C gave conversion to 1H-indol-2(211)-one in 11% yield along with unreacted 
starting material (6%). FVP of 1H-indol-3(2H)-one over zeolite mordenite at 500 °C 
gave rearrangement to 1H-indol-2(2H)-one in 37% yield. FVP of anthranil over 
zeolite Y at 500 °C gave conversion to aniline in 28% yield. 
Flow pyrolysis conditions have been optimised for the intermolecular 
trapping of intermediates in the reaction of o-nitrotoluene to anthranilic acid. Flow 
pyrolysis of o-nitrotoluene over zeolite Y with both nitrogen carrier gas and 
ammonia reagent gas gave conversion to aniline in low yield (up to 11%) with no 
reaction of intermediates with ammonia; o-toluidine and unreacted o-nitrotoluene 
were also recovered as traces in the product mixtures. 
In aqueous base, o-nitrotoluene was found to give conversion to anthranilic 
acid in yields up to 17%; this is a slight improvement on results reported in the 
literature. The use of phase transfer catalysts was found to increase greatly the rate 
of formation of product. Reaction of o-nitrotoluene in potassium hydroxide in 
methanol at 80 °C gave conversion to anthranilic acid in 40% yield of with 9% 
unreacted starting material. 
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INTRODUCTION 
1 	Thermolysis of aromatic nitro compounds 
Thermolyses, reactions initiated by heat alone, are some of the most simple of 
chemical processes. The methods by which these reactions are carried out have been 
modified greatly over the years and a variety of thermolysis systems are now in use. 
One area which has received a lot of attention is the thermolysis of compounds 
containing a nitro group. In particular, a great deal of work has been published on 
the thermolysis of aromatic nitro compounds. 
1.1 	Scope of review 
This review will study controlled thermolysis reactions of aromatic nitro 
compounds. It will exclude, therefore, thermal decomposition of explosive nitro 
aromatics. 2,4,6-Trinitrotoluene has been widely used as an explosive since around 
1870 and as such TNT and its derivatives have been studied extensively. The safety 
and performance of explosives rely on an understanding of their breakdown 
mechanisms and work in this area has been reviewed elsewhere.' This review will 
explain the various techniques that are used to examine thermal decompositions. It 
will outline the principal general breakdown pathways of nitro aromatics and how 
these are affected by other substituents. The thermal breakdown of nitro compounds 
has been shown to progress via several routes leading to an array of possible 
products. The effect of introducing other substituents to various positions of the 
aromatic ring will also be examined. A closer examination of the interaction of the 
nitro group with ortho-substituents will be included. Of particular interest is the 
interaction of the nitro group with an adjacent methyl group and this will be 
examined in detail. 
2 
1.2 	Thermolysis methods 
Various different methods have been used with which to study thermal 
decomposition of organic compounds. These methods vary extensively but all 
essentially aim to provide the reactants with sufficient energy for reactions to occur, 
and a brief overview of the main techniques follows. Reactions carried out at 
moderate to high temperatures where other reagents such as acid or base are required 
to initiate them will not be considered. 
1.2.1 Flow Pyrolysis 2 
One of the most widely used methods for thermolysis reactions is that of flow 
pyrolysis, which will be looked at in greater detail in Section 2.3. Flow pyrolysis is 
the earliest used and the most simple form of gas-phase chemistry. Apparatus used 
varies greatly from group to group but the general principles are the same 
throughout. The substrate of interest is injected down a heated tube, along with a 
carrier gas, with the products being collected at the exit of the tube. However, there 
are a wide number of variables associated with these systems, which have a marked 
effect on the products obtained. The injection rates of both the substrate and carrier 
gas are usually carefully controlled and are optimised for specific purposes. The 
carrier gas used is normally inert but occasionally gases are used to react with 
intermediates. The temperature within the heated tube can also vary from about 
200 °C up to 800 °C. Inert packing is normally used within the heated zone to 
increase the efficiency of heat transfer to the substrate. Other factors such as the 
material the vessels are constructed from and their size will also vary from one 
system to another. The methods of analysis also vary with some effluents being 
3 
passed directly onto a gas chromatogram for analysis whereas in some systems 
products are collected by cooling and then analysed. 
1.2.2 Flash Vacuum Pyrolysis (FVP) 3 
In flash vacuum pyrolysis there are far fewer variables to consider than in 
flow pyrolysis. A more detailed procedure for this process will be discussed in 
Section 2.2, but is similar to flow pyrolysis in that a substrate is introduced to a 
heated tube and the products collected at the exit of the tube. As the name suggests, 
however, the entire system is maintained at low-pressure typically around 1 Torn 
The substrate is volatilised by heating in an inlet tube before passing into the furnace 
tube where reactions take place. Due to the low pressure within the apparatus, the 
contact time within the furnace tube has been shown to be of the order of 
milliseconds. As a result of the low pressure and short contact time, unimolecular 
processes such as intramolecular cyclisations are generally favoured. Furnace 
temperatures can vary from about 400 °C up to 1100 °C. Products are collected from 
the product trap and taken for analysis. 
1.2.3 Single-pulse shock tube 4,5 
Single-pulse shock tube experiments provide a useful method of studying 
initial processes of thermal decompositions. Reactants are placed, at low 
concentrations, in a tube along with chemical scavengers which provide abstractable 
hydrogen atoms for the reactive radicals produced. A pulsed heater with a heating 
time of less than 1 millisecond is applied to the tube to initiate reactions. 
4 
1.2.4 Laser powered homogeneous pyrolysis (LPHP) 6 
Laser powered homogeneous pyrolysis (LPHP) makes use of an infrared laser 
to act as the source of heat. The technique uses a carbon dioxide laser to heat the 
substrate indirectly via an unreactive bath gas. This gas (usually S176) absorbs the 
infrared radiation and transfers the energy to the substrate via collisions. The 
substrate is injected through a mildly heated flow system, in a steam of the infrared 
absorber and an inert collider to increase the efficiency of heat transfer. The flow 
passes through the laser beam and then normally into a gas-chromatogram mass 
spectrometer for analysis. 
5 
1.3 	General nitro group breakdown pathways 
Even at temperatures of up to 1200 K the aromatic ring has been shown to 
remain intact during thermal breakdown. 6 This prevents the formation of carbon 
containing gases and leaves the aromatic ring intact in all of the products that are 
obtained. 
The major reaction pathways in the breakdown of nitro aromatic compounds 
instead involve simple bond cleavages or rearrangements. These include homolytic 
cleavage of the aryl-nitrogen bond and rearrangements of the nitro group. The 
intermediates obtained from these initial processes can initiate various further 
reactions in the formation of products. These general processes are all competing 
pathways in the breakdown of aromatic nitro compounds and account for the array of 
products that are obtained. The importance of each of these processes with respect to 
each other is difficult to compare as they can vary from one form of apparatus to 
another. 
1.3.1 Aryl-Nitrogen bond homolysis 
Simple cleavage of the aryl-N bond is the most fundamental process involved 
in the decomposition of aromatic nitro compounds. This homolytic cleavage is 
largely expected since cleavage of the aryl-nitrogen bond is an important reaction in 
the decomposition of nitroaliphatics, nitramines and nitrate esters. 7 However, the 
carbon-nitrogen bond dissociation energies of nitroaromatics (about 70 kcal moF 1 ) 
are significantly higher than those of nitroaliphatics (about 60 kcal moF'), nitramines 
(about 50 kcal mol') and nitrate esters (about 40 kcal mo1 1 ). 8 Moreover, nitrogen 
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Scheme 1 
nitramines and nitrate esters 7 but in pyrolysis of nitrobenzene and derivatives, 
NO2(g) has only been detected by mass spectrometry. 9" 0 These two significant 
differences between aromatic and non-aromatic nitro compounds indicate that there 
are alternative pathways by which aromatic nitro compounds can decompose. 
Homolytic cleavage of the aryl-nitrogen bond in nitroaromatics 1 leads to 
formation of the aryl radical 2 and nitrogen dioxide 3, as shown in Scheme 1, which, 
dependent upon conditions, can initiate further reactions. Numerous examples exist 
where the predominant product of Ar-NO 2 thermolysis is the corresponding Ar-H 
formed from hydrogen abstraction by the aryl radical  .6,9,1  Hydrogen abstraction by 
radicals is seen throughout these thermolyses. The source of hydrogen is dependent 
on reaction conditions and can come from solvent, other reactant molecules or 
radical scavengers. LPHP of nitrobenzene 4, Scheme 2, has been shown to give 
benzene 5 by this mechanism. 6 The only other product from this pyrolysis was found 
to be phenol 6, which obviously cannot be formed by simple aryl-nitrogen 
homolysis. A change of connectivity is required in order to create the carbon-oxygen 
bond in the phenol product. It is thought that this occurs by one of the alternative 
reaction pathways, namely the nitro-nitrite isomerization. 
+ I 
NO2 	C~OH 
4 	 5 	 6 
Scheme 2 
1.3.2 Nitro to nitrite isomerization 
Rearrangement of the nitro group to nitrite group has been proposed as a 
significant reaction pathway in nitroaromatic pyrolyses. 6'9 " No aryl nitrite 
compounds have been isolated and characterised from any aromatic nitro compound 
thermolysis. However, there is still evidence that this process occurs before the 
nitrite itself decomposes to other products. As can be seen in Scheme 2, LPHP of 4 
leads to formation of significant amounts of phenol 6. The mechanism for this 
reaction is explained by rearrangement of the nitro group to nitrite followed by 
homolysis of the oxygen-nitrogen single bond in the resultant nitrosooxybenzene 7 to 
give phenoxyl 8 and nitric oxide 9 as shown in Scheme 3. The phenoxyl radical 8 
can then go on to abstract a hydrogen atom to give the phenol 6 product. This 
proposal is supported by the formation of a large quantity of nitric oxide 9•1012  As 
mentioned in Section 1.3.1, the lack of NO 2(g) 3 from nitrobenzene pyrolyses 
suggested that there were competing pathways by which its decomposition could 
occur. This is supported by the formation of large quantities of NO(g) 9, which is 
largely taken as evidence of the involvement of the nitrite intermediate. 
CL 	 i + NO 
	






The formation of the nitrite has been suggested to proceed by two possible 
mechanisms 6,11  as shown in Scheme 4. Firstly, by a reversible homolysis of the 
aryl-nitrogen bond whereby the phenyl radicals 10 and NO 2 3 can recombine through 
8 
PhNO2 	 Ph + NO2 	PhNO2 + PhONO 
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Scheme 4 
the nitrogen to regenerate 4 or alternatively through one of the oxygen atoms to give 
the nitrite 7. Alternatively, the mechanism for the formation of the nitrite is via an 
intramolecular rearrangement of the nitro group. It has also been suggested that 
there is the possibility that phenol could be formed directly from nitrobenzene 
without the involvement of the nitrite rearrangement also shown in Scheme 46  This 
mechanism would involve displacement of the nitro group by OH radicals 11 if they 
are formed within the system. Studies by shock tube and by LPHP have supported 
the idea that the isomerisation proceeds intramolecularly. 6" 1 Variation of the relative 
concentration of nitrobenzene to scavenger in shock tube, and by addition of large 
excesses of NO 2(g) in LPHP did not have any effect on the product distributions in 
either case. If phenol 6 was formed by recombination of phenyl radicals 10 with 
nitrogen dioxide 3, its yield would be expected to increase under these conditions. 
The levels of OH radicals 11 would also increase in shock tube conditions and this 
would also give an increase in phenol 6 if it was formed by displacement of the NO 2 
group by 11. These factors have led to the conclusion that the mechanism of the 
nitro-nitrite isomerization in the gas-phase is by an intramolecular rearrangement 
although there is no direct evidence to support this. 
9 
This is in contrast to studies in chloroform solution where a similar 
investigation of a nitro-nitrite rearrangement was concluded to be the result of an 
intermolecular mechanism by homolytic dissociation.' 3 However, in this work the 
involvement of the solvent was concluded to be important as the rearrangement was 
not found to occur in aqueous acids. 
Although the presence of NO(g) 9 as a product from thermolysis of 
nitroaromatic compounds is considered evidence for the involvement of nitro-nitrite 
isomerization, it is possible that this gas is obtained from different sources. Firstly it 
is formed from thermal decomposition of nitrous acid HNO 2 12 at temperatures 
associated with these reactions, Scheme 5. It has been shown that nitrogen dioxide 3 
can abstract H radicals from nitroaromatics' 2" 4 to give HNO2 12. Decomposition of 
11NO2 is also known to give NO 9 as well as NO2 3 and H20 13.' It is well known 
that NO2 is in equilibrium with dinitrogen tetroxide N20 4 14, however, the 
equilibrium favours NO2 3 and there is no evidence for the involvement of N204 14 
under these conditions. There is a further possible source of NO(g) 9; the formation 
of nitric oxide can also result from the decomposition of nitrosoaromatic compounds 
whose formation has also been proposed as another breakdown pathway in the 
thermal decomposition of nitroaromatic compounds. 10 
NO2 	
ArH
HNO2 + Ar 
3 	 12 	2 
2HNO2 	 NO 
12 	 9 
Scheme 5 






1.3.3 Nitro to nitroso dissociation 
Dissociation of the nitro group to a nitroso group is a much less significant 
reaction in nitroaromatic decomposition and only accounts for minor products. The 
loss of an oxygen atom from the nitro group has been proposed as the most likely 
mechanism of formation of the nitroso group in nitrosoaromatics 15 as shown in 
Scheme 6.10 
+ [.II NO  
15 
Scheme 6 
The bond dissociation energy of carbon-nitrogen bond in nitrosobenzene is 
considerably lower than the carbon-nitrogen bond in nitrobenzene (51 kcal mol' and 
71 kcal moi' respectively). 16  Therefore, it is likely that at the temperatures used for 
nitroaromatic thermolysis, formation of nitrosoaromatics should be followed by 
homolytic cleavage of the carbon-nitrogen bond, Scheme 7. This can be seen to give 
the corresponding aryl radical 2 along with NO radicals. The aryl radicals formed 
can then go onto further reactions in the same manner as those formed by homolysis 




Although homolysis of the carbon-nitrogen bond is the predominant 
decomposition pathway for nitrosoaromatics, it has also been shown that they can 
couple to form azo and azoxy compounds, Scheme 8.' This work showed 
azoxybenzene 16 and azobenzene 17 to be among the major products from 
NO 2 
11 
2 PhNO 	PhNNPh 	PhNNPh 	PhN=NPh 
+ 	I 	 + 
18 	 16 	 17 
Scheme 8 
nitrosobenzene 18 thermolysis especially at lower reaction temperatures. These 
products and their derivatives are seen as trace products in pyrolyses of 
nitroaromatics' 7" 8 and the azoxy compound has been isolated from pyrolysis of a 
substituted trinitrotoluene. ' 9 
1.4 	Nitrobenzene thermolysis 
The three general breakdown pathways detailed above for nitroaromatics can 
be used to explain the products obtained from thermolysis of nitrobenzene, the most 
fundamental nitroaromatic. Shock tube studies by Tsang et al.6 have shown 
nitrobenzene 4 to result in recovery of starting material along with conversion to 
benzene 5 and phenol 6 as shown in Scheme 2 (Section 1.3.1). Benzene is formed by 
initial homolysis of the carbon-nitrogen bond followed by hydrogen abstraction by 
the resultant phenyl radical 10, Scheme 2. The other major reaction pathway, shown 
in Scheme 3 (Section 1.3.2) forms phenol 6; rearrangement to nitrite followed by 
homolysis of the oxygen-nitrogen bond to give the phenoxyl radical which can also 
abstract a hydrogen atom. It was found in these studies that the rate of homolysis 
was greater than double the rate of nitro-nitrite isomerization. LPHP studies by 
McMillen et al.' 1 found similar results with nitrobenzene being converted to benzene 
and phenol in approximately 3:1 ratio. LPHP of nitrobenzene was also carried out in 
excess benzene, Scheme 9. This gave biphenyl 19 as the principal product by 
12 
QNO2 
	II I + NO2 	
PhH 	Ph—Ph 
4 	 10 	3 	 19 
Scheme 9 
aryl-nitrogen bond homolysis followed by arylation of the benzene solvent by the 
phenyl radicals 10 produced. 16 
A great deal of work has been carried out by Fields and Meyerson on the flow 
pyrolysis of nitroaromatic compounds. Flow pyrolysis of nitrobenzene 4 in a large 
molar excess of benzene at 600 °C yielded biphenyl 19 (62%) and terphenyl 20 
(13.9%)20 along with a range of minor products. 12  Phenol 6 was one of the minor 
products which suggests that in these conditions, the nitro-nitrite isomerization is of 
lesser importance. Other minor products of diphenyl ether 21, biphenylol 22 and 
dibenzofuran 23 are attributed to combination of the phenoxyl radicals 8 formed by 
the nitro-nitrite rearrangement with benzene as shown in Scheme 10. Phenol is 
formed by hydrogen abstraction from benzene by the phenoxyl radical; diphenyl 
ether if formed by combination of the phenoxyl radicals and benzene; biphenylol is 
formed by arylation of phenol by phenyl radicals; dibenzofuran is formed by 












The mechanism of formation of the majority of the products from the flow 
pyrolysis of nitrobenzene was attributed to homolytic cleavage of the 
carbon-nitrogen bond followed by reaction of the resultant phenyl radicals to give 
biphenyl 19 and terphenyl 20. In order to understand more clearly the interaction 
between the nitrobenzene fragments and the benzene carrier in the formation of the 
major products, nitrobenzene 4 was pyrolysed in benzene-d 6 .' 2 Isotopic distributions 
of the biphenyl and terphenyl produced were examined. The presence of only a tiny 
amount of unlabelled biphenyl shows the extent of dimerisation of phenyl radicals is 
minimal. The majority of the biphenyl was found to be d10 and d5, Scheme 11; 
formation of djo—biphenyl 19a was by abstraction of a deuterium atom from 
benzene-d6 by either nitrobenzene homolysis fragment (3 or 10), followed by 
arylation of benzene-d 6 by the resultant phenyl-d5 radical 24. Formation of 
d5-biphenyl 19b was by arylation of benzene-d 6 by the undeuteriated phenyl radical 
10 from nitrobenzene. Isotopic composition of the terphenyl 20 showed that the vast 
majority was derived from two aromatic rings from the solvent and one from the 
nitrobenzene. 
O N 1 NO2 O2 + II 
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14 
The nitrogen dioxide fragment was also shown by Fields and Meyerson to 
end up mainly as NO(g).' 2 The percentage composition of the gases given off by the 
reaction show the majority of the nitro group fragment ends up as NO. As well as 
being lost by the nitrite, NO(g) is formed from the NO 2 radical. This can be by either 
direct reduction or by a hydrogen abstraction from the carrier benzene to give further 
phenyl radicals and HNO2, as shown in Scheme 5 (Section 1.3.2). 
Thermolysis of nitrobenzene was also carried out without any carrier gas in 
the Fields and Meyerson work. 12  This gave similar results, Scheme 12, to those 
obtained with the benzene carrier but, due to the lack of interaction with benzene, the 
amounts of biphenyl and terphenyl were greatly reduced. Instead, phenol 6 was the 
major product with benzene 5 also a minor product. In this case the phenyl radicals 
preferentially dimerise to give biphenyl 19 or arylate nitrobenzene to give 
nitrobiphenyl isomers 25. 
Ph 
a+ 	+a
NO2NO2 	 OH  
4 	 6 	 19 	 25 	 5 
Scheme 12 
Flow pyrolysis of nitrobenzene has also been carried out with helium as the 
carrier gas by Hand and co-workers.' ° In this work the major products identified 
from the pyrolyses were benzene 5, aniline 26, dibenzofuran 23, biphenyl 19 and 
diphenyl ether 21 as shown in Scheme 13. The aniline was formed by reduction of 
O' NO2 II 	1+1 NH2 CLO 
4 	 5 	 26 	 23 
Scheme 13 0— + 0-0 
21 	 19 
15 
the nitrobenzene with the mechanism of formation of the other products the same as 
discussed for Scheme 10. 
Thermolysis of nitrobenzene has also been carried out in supercritical 
aromatic solvents by Oxley and co-workers with both benzene and toluene studied.' 8 
Pyrolysis was carried out in benzene-d 6 which gave a primary kinetic deuterium 
isotope effect (KDIE) of 2.5 with a change in the overall reaction rate. This suggests 
that a hydrogen transfer from benzene to nitrobenzene was involved in the rate 
determining step. This led the authors to speculate that the rate determining step was 
the formation of C6H 5NO2H 27 and phenyl radicals 10 as shown in Scheme 14. The 
formation of the charge-transfer transition state 28 is supported by a linear 
free-energy relationship between the ionisation potential of the solvents and the log 
of the rate constants . 2 ' This hydrogen transfer is also supported by the fact that most 
of the biphenyl formed was fully deuteriated by dimerisation of two phenyl-d 5 
radicals. Once formed, radicals 27 and 10 went on to form a variety of products as 
shown in Schemes 15, 16 and 17. 
+aN '0 
4 	 5 
	
27 6H 10 
Scheme 14 	28 
The C6H5NO2H radical decomposed by two routes; homolysis of the 
carbon-nitrogen bond or reduction to aniline. The proposed mechanism of formation 
of aniline was by reduction of nitrosobenzene 16 which was formed by loss of an OH 
radical from 27. Although nitrosobenzene was too short lived for detection, its 
presence was supported by the detection of azobenzene 17 which is known to be the 
16 
0- 	 ---------- _ 	 [H] -HNO2 aN  6 -OH aN  O -OH a NH2  
10 27 OH 	 18 	 26 
a N "O + aNH2 -H2O 0_N=N__0 
18 	26 	 17 
Scheme 15 
condensation product of aniline 26 and nitrosobenzene 18, Scheme 15.22  Homolysis 
of the carbon-nitrogen bond in C6H 5NO2H 27 gave further phenyl radicals 10 and 
FIN02 12. The majority of the phenyl radicals 10 produced arylated the solvent 
benzene to give biphenyl 19 as the major product Arylation of the biphenyl 19 lead 
to terphenyls 20 and arylation of nitrobenzene gave nitrobiphenyl isomers 25 as 
shown in Scheme 16. Phenol 6 was also formed in the reaction and two mechanisms 
for this were proposed, shown in Scheme 17; rearrangement of the C6H 5NO2H 
radical followed by loss of NOH or by rearrangement of the nitro to nitrite with loss 























Themolysis in supercritical toluene followed similar initial mechanistic 
pathways. In this case nitrobenzene preferentially abstracts a benzylic hydrogen via 
the charge-transfer transition state to give 27 and benzyl radicals 30. The benzyl 
radicals can either dimense to give bibenzyl 31, benzylate toluene solvent to give 
methyldiphenylmethane isomers 32 or oxidise to benzyl alcohol 33 and 
benzaldehyde34, Scheme 18. 
PhCH3 







33 	 34 
The radical 27 leads to formation of aniline 26 by loss of an OH radical to 
give nitrosobenzene 18 followed by reduction. 27 also undergoes homolytic 
cleavage to give phenyl radicals 10 which can arylate toluene to give methylbiphenyl 
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isomers 32 as shown in Scheme 19. In toluene, nitrosobenzene 18 is reduced faster 
than it is able to condense with aniline, instead condensation of aniline 26 with 
benzaldehyde 34 yielded N-(phenylmethylene)-benzenamine 36 as a major product. 
Overall it can be seen that the thermal breakdown of nitrobenzene follows the 
three main breakdown pathways and is similar in all thermolysis systems. 
Homolysis of the aryl-nitrogen bond dominates with the phenyl radicals able to 
either abstract a hydrogen atom or react with solvent or flow gases. The 
rearrangement of the nitro group to nitrite is also seen in all systems and leads to the 
formation of phenoxyl radicals which can also either abstract a hydrogen atom or 
react with solvent or flow gases. 
19 
1.5 	Substitution effects 
The thermolyses of nitrobenzene as described above demonstrates the 
decomposition of nitroaromatic compounds progresses via the general breakdown 
pathways described in Section 1.3 followed by possible further reaction of the radical 
fragments with solvent. The effect of introducing other substituents to the aromatic 
ring has also been examined in great depth. 6"7 ' 24' 2628' 3237'46 Bond dissociation 
energies of the aryl-nitrogen bond are not changed greatly by the introduction of an 
alkyl group, an additional NO 2 group, or a halogen, NH2 or 011.1 1,23  The BDE of 
nitrobenzene is 71 kcalmol 4 , 9  and the addition of these substituents only alters this 
by 1-4 kcal mol'." 23 Since the major reaction pathways involve cleavage of this 
bond, the effect of introducing other ring substituents should not significantly alter 
the breakdown mechanism. This is evident in the thermolysis of nitro compounds 
with either meta or para substituents where the breakdown pathways closely follow 
nitrobenzene decomposition. However, thermolysis of nitroaromatics with an ortho 
substituent has been shown to progress very differently. This difference in reactivity 
was seen as early as 1902 when Lob found o-nitrotoluene to react with water vapour 
on red hot wire to give anthranilic acid. 24 Since then, it has been found that for these 
compounds aryl-NO 2 homolysis and nitro-nitrite isomerization are not the only major 
decomposition channels. Instead intramolecular interactions between the adjacent 
substituents lead to other important reaction mechanisms which will be discussed in 
Section 1.5.2. 6,18,2628,32 
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1.5.1 Meta and para alkyl substituents 
As indicated in Section 1.5, the effect of introducing a meta or para 
substituent to a nitro aromatic compound does not greatly alter their thermolysis 
breakdown pathways. The breakdown pathways of meta or para substituted 
aromatic nitro compounds closely parallel those seen for nitrobenzene. 
Consequently, thermolysis follows the general nitro group breakdown mechanisms 
detailed in Section 1.3 and the products obtained correspond to those obtained from 
nitrobenzene. 
Tsang and co-workers have studied the effect of the introduction of a 
para-methyl group with shock tube pyrolysis ofp-nitrotoluene 37. 6  It was clear from 
these results that the breakdown of the p-nitrotoluene closely mirrored that of 
nitrobenzene. Shock treatment of nitrobenzene has been shown to give partial 
conversion to benzene and phenol with the corresponding products of toluene 38 and 
p-cresol 39 obtained from p-nitrotoluene pyrolysis. Unspecified experimental 
problems prevented quantification of the p-cresol, but analysis of the toluene 
justified the assumption that the same breakdown mechanisms were involved as for 
nitrobenzene. The relative amounts of products obtained and the percentage of 
toluene recovered closely parallel those seen for nitrobenzene. Therefore, it was 
6  
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concluded by the authors that the products were formed by the two major initial 
decomposition channels; aryl-NO 2 homolysis to give the tolyl radical 40 and nitro to 
nitrite isomerization to give 41 which can lose NO to give the oxygen centred radical 
42, as shown in Scheme 20. It was noted, however that there was a decrease in the 
overall rate of decomposition of about 20% on the introduction of the Para-methyl 
group. This result is not much greater than the error in its calculation and is in 
agreement with previous results obtained for the kinetics of benzyl radical 
decomposition. 25 
McMillen and co-workers' 26 have also carried out studies on the effect of 
substitution on the thermal decomposition of nitroaromatics by laser powered 
pyrolysis. These studies found similar results to the shock tube study with 
p-nitrotoluene 37 also giving formation of toluene 38 and p-cresol 39 as shown in 
Scheme 20. The effect of the methyl and nitro substituents on the kinetics of the 
thermolysis was also examined in detail in this work." It was found that the effect of 
the para-methyl group was relatively minor since it did not substantially alter the rate 
constant for the overall reaction in comparison to that of nitrobenzene. 
Fields and Meyerson have examined the effect of substitution by studying 
flow pyrolysis of the nitrotoluenes in both benzene and chlorobenzene solvent. 27,28 
Pyrolysis of m-nitrotoluene 43 and p-nitrotoluene 37 with excess benzene or 
chlorobenzene gave predominantly methylbiphenyls 35 and methylchlorobiphenyls 
44 by initial radical cleavage of the carbon-nitrogen bond followed by arylation of 
the aromatic solvent by the resultant tolyl radicals as shown in Scheme 21. 
Hydrogen abstraction from the resultant cyclohexadienyl radicals by nitrogen dioxide 
gives the methylbiphenyl product and HNO2. The other minor products formed were 
22 
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those seen in the shock-tube and laser powered pyrolyses; toluene is formed by initial 
homolytic cleavage followed by hydrogen abstraction and the corresponding cresols 
are formed by the nitro-nitrite rearrangement followed by loss of NO and hydrogen 
abstraction as seen above in Scheme 20. The products from both isomers are 
generally the same although the relative amounts were found to vary slightly. 
Thermolysis of p-nitrotoluene has also been carried out in supercritical 
solvents by Oxley and co-workers. 18 It was found that pyrolysis yields the products 
analogous to those obtained in the pyrolyses of nitrobenzene in the same conditions. 
The kinetic properties for p-nitrotoluene were also found to be comparable to those 
for the nitrobenzene pyrolysis with both the rate constant and the activation energy 
being very similar. A primary KDIE of 1.8 was also found for pyrolysis of 
p-nitrotoluene in benzene-d6 supporting hydrogen abstraction from the benzene 
solvent as the rate limiting step. These results led the authors to conclude that the 
mechanisms for the thermal breakdown of p-nitrotoluene were the same as those for 
nitrobenzene, initial hydrogen abstraction through the charge transfer state 45 to give 
phenyl 10 and CH3C5H4NO2H 46a radicals as shown in Scheme 22. These radicals 
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then follow the same breakdown pathways as discussed in Section 1.4 to give the 
corresponding products, shown in Scheme 23, that were seen in nitrobenzene 
pyrolysis. Radical 46a can lose OH radicals to give the nitroso compound 47 which 
can be reduced to p-toluidine 48. Condensation of 47 and 48 also gave 
4,4'-dimethylazobenzene 49. Radical 46a can also lose HNO2 to give p-tolyl radicals 
40 which can abstract a hydrogen atom or arylate benzene to give toluene 38 and 
4-methylbiphenyl 35a. The phenyl radicals 10 formed via the transition state were 
also shown to arylate the benzene solvent to give biphenyl 19 as shown in Scheme 16 
(Section 1.4). p-Cresol was formed by the same mechanism suggested for phenol in 
Scheme 17 (Section 1.4). 
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Pyrolysis ofp-nitrotoluene in supercritical toluene also gave results indicative 
of the same mechanisms as observed for nitrotoluene under the same conditions. 
Hydrogen abstraction of a benzylic hydrogen atom gives the radical 46a and benzyl 
radicals 30. As was seen in nitrobenzene thermolysis, the benzyl radicals can either 
dimerise, benzylate toluene or oxidise to benzyl alcohol and benzaldehyde, shown in 
Scheme 18 (Section 1.4). Radical 46a leads to formation of p-toluidine 48 by 
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benzaldehyde 34 yielded the corresponding condensation product 50, shown in 
Scheme 24. Radical 46a can also lose HIN0 2 to give p-tolyl radicals which can 
abstract a hydrogen atom from solvent and arylate toluene to give toluene dimers 51, 
also shown in Scheme 24. 
Overall it can be seen that the thermal breakdown of meta and para 
substituted nitroaromatics closely mirrors the breakdown of nitrobenzene. 
Homolysis of the aryl-nitrogen bond and rearrangement of the nitro group to nitrite 
are the dominant processes leading to the products corresponding to those obtained 
from nitrobenzene. The overall rate of reaction for m- and p-nitrotoluene was also 
found to be very similar to nitrobenzene with at most a 20% difference observed. 
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1.5.2 Ortho alkyl substituents 
The reaction of nitro groups with ortho substituents has been shown in 
numerous studies to have a marked effect on the thermal decomposition of aromatic 
compounds. 6,18,26-28,30,32,40-46  With an ortho substituent there is clearly the possibility 
for the occurrence of intramolecular interaction between the adjacent substituents. 
The interaction of a nitro group with an ortho alkyl group is of particular interest and 
has received a great deal of attention. 6,18,26-28,30,32  The intramolecular interaction 
between the two groups has been shown to reduce the thermal stability of the 
compound. A most striking example of this is the observation that 
2,4,6-trinitrotoluene (TNT) self ignites at 210 °C, but without the methyl group, 
1,3,5-trinitrobenzene is stable at over 300 OC.29  The most studied class of 
compounds in this area are the nitrotoluenes. The relative rates of thermal 
decomposition of ortho:meta:para—nitrotoluene have been found to be 400:0.8:2.0. ° 
The decomposition rates of the meta and para isomers have also been shown to be 
comparable to those of nitrobenzene. 6,11  The difference in the rate of decompostion 
of o-nitrotoluene compared to the other isomers is significantly larger than that 
which would be expected from the results on benzyl radical decomposition, 25  which 
found that the addition of an ortho-methyl group increases the rate only slightly. The 
authors proposed that the differences in the benzyl radical decomposition rates were 
due to potential relaxation of steric interactions 25  and this would not give kinetic 
differences as large as were seen for the nitrotoluenes. Therefore, this great variation 
in the rate of decomposition of ortho compared to meta and para—nitrotoluene and 
nitrobenzene suggests o-nitrotoluene follows an entirely different breakdown 
pathway. Kinetic studies have shown that for o-nitrotoluene, the rate determining 
26 
step in the thermal decomposition involves intramolecular transfer of a hydrogen 
atom as there is a deuterium isotope effect, with a change in the overall rate for 
deuteriated o-nitrotoluene. 3 ' This kinetic effect is clear indication that there are 
processes taking place other than the general breakdown pathways which do not 
involve this hydrogen transfer. It has in fact been shown to be the presence of an 
a-CH bond in the alkyl group which is the significant factor in the occurrence of 
these additional processes. 30 
These other reactions have been investigated in detail by both laser powered 
homogeneous pyrolysis and shock tube pyrolysis. 26 '32 The results of these studies all 
pointed to an intramolecular dehydration of o-nitrotoluene to an anthranil 
intermediate as being an important reaction. However, discrepancies between results 
obtained from these methods emerged regarding the importance of this reaction 
relative to the aryl-nitro homolysis which dominates the pyrolyses of nitrobenzene 
and m- and p-nitrotoluene. Shock tube pyrolysis experiments indicated that the 
dehydration to anthranil 57 was the primary breakdown pathway, 32  whereas 
homolytic cleavage of the aryl-nitrogen bond was found to dominate in LPHP. 26 The 
reasons for this variation in results was attributed to possible inaccuracies in the 
reaction temperature stated in the laser study. 32  This dehydration to anthranil 57 has 
also been seen in basic solution conditions, where the anthranil can be attacked by 
Off to give anthranilic acid; 33-37  this will be discussed further in Section 2.4. In the 
gas phase, the anthranil intermediate can either decompose intramolecularly or can 
itself go onto further reactions with solvent or carrier gas. 
Tsang and co-workers 6 were surprised to find that in the shock-tube pyrolysis 















toluene 38 and o-cresol 53 as shown in Scheme 25. These are the products obtained 
by simple aryl-NO 2 homolysis to give the tolyl radical 54 which can abstract a 
hydrogen atom; and by rearrangement of the nitro to give o-nitrosooxytoluene 55 
followed by cleavage of the 0-NO bond to give the radical 56 which can abstract a 
hydrogen atom. The relative amount of toluene to o-cresol was the same as that of 
benzene to phenol from the pyrolysis of nitrobenzene. 6 This shows that the 
importance of these two reaction channels relative to each other remains the same 
with the introduction of the methyl group. However, the low accountability of these 
products, compared to about two thirds in the nitrobenzene and p-nitrotoluene 
pyrolyses, was thought to show the presence of an alternative reaction channel in the 
thermolysis of o-nitrotoluene. In a later paper by the same authors,  32  this competing 
pathway was speculated to be by the intramolecular rearrangement to anthranil 57, 
similar to that previously seen in solution.  35 -37  The other products of the 
o-nitrotoluene pyrolysis were identified as cyanocyclopentadiene 58 with a small 
amount of anthranil 57, detected by passing the reaction mixture directly down a gas 
chromatography column, also shown in Scheme 25. The mechanism of formation of 
anthranil 57 from o-nitrotoluene 52 was proposed to be by an initial hydrogen 
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transfer followed by either direct formation of anthranil with loss of water or by a 
series of steps with loss of the OH and H atom, as shown in Scheme 26. Anthranil 
57 itself is very unstable under these conditions and is the intermediate in the 
formation of cyanocyclopentadiene 58. The involvement of anthranil 57 as an 
intermediate was supported by pyrolysis of anthranil itself under the same conditions 
which was found to convert to cyanocyclopentadiene 58. A mechanism was 
proposed by the authors for the decomposition of anthranil 57 to 
cyanocyclopentadiene 58, however, further study of nitrenes by Wentrup and 
co-workers 38  provides a more detailed mechanism shown in Scheme 27. The 
formation of cyanocyclopentadiene from nitrenes has been studied in depth in this 
work. Anthranil 57 can undergo an electrocyclic ring opening (a) to give the singlet 
nitrene 61. Nitrenes are known to insert readily into C-H bonds which would give 
62, ring opening of which would give the iminoketene 63. The iminoketene can then 
decarbonylate to give the iminocyclohexadienylidene 64 which is in equilibrium with 
1H-benzazarine 65 and the iminocyclohexadienylidene 66. The 
iminocyclohexadienylidenes 64 and 66 can then rearrange through to 
cyanocyclopentadiene 58 via 67. Alternatively, the N-O bond in anthranil can 
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Hydrogen transfer to the nitrogen atom gives 70 which can decarbonylate to give 
1H-benzazarine 65. 1H-Benzazarine can rearrange through to cyanocyclopentadiene 
via 64 and 66 in the same way as discussed above. 
Similar results to this have been found by McMillen et al by LPHP where 
pyrolysis of o-nitrotoluene was found to behave differently from nitrobenzene and 
p-nitrotoluene.' 6 It was found that o-nitrotoluene decomposed to give toluene and 
o-cresol. However, the yield of products was less with a significant percentage not 
accounted for and the reaction rate was higher. Here, the authors did not identify any 
intramolecular products and were unable to explain these differences. 
The flow pyrolysis of o-nitrotoluene has also been studied in great detail by 
both Fields and Meyerson  27,28  and subsequently by Bakke et al.37 Fields and 
30 
Meyerson reacted nitrotoluene in a molar excess of benzene in nitrogen carrier gas at 
600 °C. It was again observed that the ortho-substituted nitrotoluene gave markedly 
different products from the meta and para isomers. Only small amounts of 
o-methylbiphenyl 35b were observed with its dehydrogenation product fluorene 71 
also present in small amounts. o-Methylbiphenyl is formed by arylation of solvent 
benzene by the tolyl radical 54 formed by homolytic cleavage of the aryl-nitrogen 
bond, as shown in Scheme 28. These tolyl radicals were also shown to abstract a 
hydrogen atom giving toluene 38. In the pyrolyses of m-nitrotoluene and 
p-nitrotoluene the corresponding methylbiphenyls were the major products obtained. 
o-Cresol 53 was also a minor product from o-nitrotoluene pyrolysis, also shown in 
Scheme 28. o-Cresol 53 was formed by the nitro-nitrite rearrangement, although 
again it was obtained in lesser amounts than from the analogous meta and para 
pyrolyses. Instead the involvement of alternative pathways available for 
o-nitrotoluene decomposition was shown by the identification of the major product 
as aniline 26. 
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In order to clarify the mechanism of formation of aniline, flow pyrolysis of 
the nitrotoluene with excess methanol was carried out. The methanol was a reactive 
reagent gas and as such was able to react with intermediates. The ortho isomer of 
nitrotoluene also exhibited different behaviour from the meta and para isomers under 
these conditions  .27  o-Nitrotoluene 52 gave aniline 26 and methyl anthranilate 73 as 
the major products in approximately equal yields. In the meta and para cases none 
of the corresponding ester was seen and only traces of aniline were formed. This led 
the authors to speculate that the interaction of the ortho-substituents was important 
and that o-nitrotoluene apparently undergoes an intramolecular reduction-oxidation 
to give anthranilic acid 72. In the presence of methanol the anthranilic acid can be 
converted to the more stable ester methyl anthranilate 73 otherwise it loses CO2 to 
give aniline 26, Scheme 29. 
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An extensive study of the flow pyrolysis of o-nitrotoluene has been carried 
out by Bakke et al.37 in extending the work of Fields and Meyerson. He proposed 
that methanol could be reacting with anthranilic acid 72 or a precursor such as 
anthranil 57 by a nucleophilic mechanism. By varying the nucleophilic trapping gas, 
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he hoped to trap the anthranilic acid or its precursor more effectively to give the 
corresponding derivative. o-Nitrotoluene 52 was pyrolysed with ammonia at 550 °C 
and was found to give anthranilamide 74 in 29% yield as well as aniline 26 in 23% 
yield and a small amount of anthranilonitrile 75 (1%), as shown in Scheme 30. 
To investigate the mechanism of formation of these anthranilic acid 
derivatives, ammonolysis of anthranilic acid 72 was carried out. The same major 
products were obtained from this reaction but the ratio of anthranilamide 74 to 
aniline 26 was 1:10 as opposed to 15:10 when starting from o-nitrotoluene 52. This 
did not rule out the involvement of anthranilic acid 72 but it did show that a major 
part of the anthranilamide 74 was not formed via anthranilic acid 72. As proposed as 
an intermediate in the basic conditions, 36  which will be examined in Section 2.4, 
anthranil 57 was another possible precursor. Reaction of anthranil 57 with ammonia 
at 500 °C gave anthranilamide 74 as the major product (30%) with only a small 
amount of aniline 26 being formed (2%), anthranilonitrile 75 (10%) was also 
obtained. This is an important result as it supports the involvement of anthranil 57 as 
an intermediate in the formation of anthranilamide 74. 
However, the significantly larger amount of anthranilonitrile 75 formed from 
anthranil 57 compared to o-nitrotoluene 52 was more difficult to explain. One 
possibility suggested was that the water given off in the formation of the amide either 
prevented the formation of the nitrile or hydrolysed it back to the amide. Reaction 
was therefore carried out with anthranil 57 in the presence of water vapour but the 
result was the same as with anthranil alone. Another possibility was that 
o-nitrotoluene 52 or one of its reaction products prevented formation of the nitrile or 
catalysed its hydrolysis to the amide. A mixture of o-nitrotoluene 52 and anthranil 
33 
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57 was therefore reacted with ammonia at 500 °C. This reaction produced 
anthranilamjde 74 and aniline 26 but no anthranilonitrile 75 was obtained, as shown 
in Scheme 31. The yields of anthranilamide 74 and aniline 26 were also of the same 
magnitude as were obtained from anthranil 57 and o-nitrotoluene 52 alone. The 
author proposed from these results that anthranil 57 is an important intermediate in 
the rearrangement of o-nitrotoluene 52 to various anthranilic acid derivatives. It is 
also possible that anthranil 57 rearranges to give another intermediate such as the 
iminoketene 63. There are therefore several possible reaction pathways proposed by 
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The dehydration of the amides to the corresponding nitriles has been shown 
to occur over silica.  39  The optimum temperature for conversion was found to be 
500 °C where complete conversion to the nitrile was observed. The reason why 
34 
different proportions of anthranilamide and anthranilonitrile were obtained in 
Bakke's work is therefore unclear. 
More recently thermolysis in supercritical benzene and toluene has also 
shown that the thermal breakdown of o-nitrotoluene differs greatly from that of 
nitrobenzene and p-nitrotoluene. Work by Oxley and co-workers' 8 ' 4° has also 
suggested that anthranil 57 is a key intermediate in the decomposition of 
o-nitrotoluene 52. As with p-nitrotoluene, pyrolysis of o-nitrotoluene 52 in 
supercritical benzene led to initial hydrogen transfer to give o-CH3C6H 4NO2H 46b 
and phenyl radicals 10 via the charge transfer transition state 77, Scheme 33. 
Pyrolysis of o-nitrotoluene 52 in benzene-d 6 gave a primary KDIE effect of 1.7 in the 
overall reaction rate, supporting the involvement of the hydrogen transfer in the rate 
determining step. The radicals 46b and 10 then led to formation of a wide range of 
products which support the involvement of intramolecular reactions alongside the 
intermolecular reactions seen for p-nitrotoluene. Small amounts of biphenyl 19, 
o-toluidine 76, o-cresol 53 and o-methylbiphenyl 35b were found. These products 
correspond to those obtained from the pyrolysis of p-nitrotoluene however their 
relative* concentrations are significantly lower. The mechanism of formation of these 
minor products was the same as for p-nitrotoluene; reduction to give o-toluidine 76; 
loss of HNO 2 to give 2-methyiphenyl radicals followed by arylation of benzene gave 
o-methylbiphenyl 35b; and o-cresol 53 was formed by initial rearrangement of the 
I 	+
NO2 	 H 52 	 5 
Scheme 33 	77 
+ 
46b OH 	10 
35 
nitro to nitrite group. However, the five most abundant products from the 
thermolysis of o-nitrotoluene 52 were attributed to intramolecular reactions and the 
mechanism of their formation is shown in Scheme 34. The overall reaction rate for 
thermolysis of o-CD3C6H4NO2 supported the involvement of intramolecular 
reactions with a primary KDIE effect of 1.9 showing a hydrogen transfer from the 
methyl group in the rate determining step. The formation of anthranilic acid 72, 
aniline 26, benzoxazinone 77 and o-aminobenzaldehyde 78 were all attributed to 
initial intramolecular dehydration of o-nitrotoluene 52 to anthanil 57 as shown in 
Scheme 34. It was proposed that the benzoxazinone was formed by a cycloaddition 
via the iminoketene intermediate 63. The anthranilic acid 72 formed was also 
attributed to re-opening of the anthranil 57 intermediate; and anthranilic acid 72 itself 
was shown to decarboxylate to aniline 26. No mechanism was proposed by the 
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indazolo[2,1-a]indazole-6,12-dione 79. Overall the intramolecular pathways were 
shown to dominate the breakdown of o-nitrotoluene by a factor of ten over 
intermolecular pathways. 
Thermolysis of o-nitrotoluene 52 in supercritical toluene followed similar 
decomposition channels to those in benzene. As was seen with nitrobenzene and 
p-nitrotoluene, the rate constant for thermolysis in toluene was greater than that in 
benzene. However, the rate increase in going from benzene to toluene was far less 
with o-nitrotoluene due to the domination of the intramolecular reactions. The major 
intramolecular product was found in this case to be o-aminobenzaldehyde 78 due to 
the increased reducing power of toluene. 
The involvement of anthranil 57 as an intermediate was supported by 
thermolysis of anthranil itself. Thermolysis of anthranil 57 in supercritical benzene 
gave benzoxazinone 77 and o-aminobenzaldehyde 78 and when heated with water 
anthranil gave anthranilic acid 72, aniline 26 and indazolo[2,1-a]indazole-6,12-dione 
79, Scheme 35. Thermolysis of anthranilic acid 72 itself gave only aniline 26 by 
decarboxylation. From these results, anthranil 57 was concluded to be an important 
intermediate in the formation of the intramolecular reaction products in these 
thermolyses. 
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1.5.3 Non Alkyl Substituents 
The reactivity of nitroaromatic compounds with a substituent other than an 
alkyl group has not been studied in such great depth as we have seen above for alkyl 
substituents. However, interesting results have been seen with aryl to oxygen and 
nitrogen bonds ortho to the nitro group. As has been seen in the case of the 
nitrotoluenes, intramolecular interaction between the two adjacent substituents can 
take place resulting in cyclisation along with homolysis and rearrangement of the 
nitro group. 
Surprisingly, when the group ortho to the nitro group is another nitro group 
two products are obtained which both derive from the same initial step. 4 ' 
Unpublished results of the pyrolysis of o-dinitrobenzene 80 have been reported to 
parallel those reported for mass spectroscopy of the same compound. 4 ' Under both 
conditions one of the nitro groups rearranges to the nitrite to give 81 which loses 
both nitric oxide and nitrogen dioxide to give the diradical 82. The diradical can 
then either abstract a hydrogen atom to give phenol 6 or rearrange to give 
fulvene-6-one 83 via 84 as shown in Scheme 36. 
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Wiersum has reported work on the pyrolysis of nitro-polycyclic aromatic 
hydrocarbons frequently found in diesel combustion emisions. 42 It was found that 
1 -nitropyrene 85 does not undergo homolysis with loss of the nitro but decomposed 
completely via rearrangement to the nitrite 86. Homolysis of the 0-NO bond then 
gives the phenoxyl radical 87 which can abstract a hydrogen atom to give the 
hydroxy compound 88 as shown in Scheme 37. 
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De Mayo and co-workers 43 have shown that pyrolysis of o-nitroanisole 89, 
with a methoxy group ortho to the nitro group, gives benzaldehyde as the major 
product. Pyrolysis of methyl substituted nitroanisole showed that the aldehyde group 
was in the position originally occupied by the methoxy group. The mechanism of 
this rearrangement, shown in Scheme 38, is by initial homolytic cleavage of the 
aryl-nitrogen bond to give the aryl radical 90. This radical can then rearrange by 
hydrogen transfer to give the carbon centred radical 91. Rearrangement of 91 via a 
neophyl type intermediate 92 which can open to give the radical 93 with a change in 
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the connectivity. This radical can then lose a hydrogen atom to give benzaldehyde 
34 as the major product of the pyrolysis. Evidence of the nitro to nitrite 
rearrangement was also observed in the formation of salicylaldehyde 94. 
Rearrangement of the nitro group gives 95 which can lose an NO radical to give 96. 
This then follows the same mechanism as was shown in Scheme 38 with hydrogen 
abstraction followed by the neophyl rearrangement giving salicylaldehyde. Phenol 6 
was also formed as a minor products from the pyrolysis; the mechanism of formation 
of 6 involves cleavage of the 0-Me bond as well as loss of the nitro group. 
C(ONO aOH NO2 
89 95 96 94 
Scheme 39 
Rees and co-workers have investigated the interaction between nitro and 
carbodi-imide groups. 44  It was found that when 97 was pyrolysed it cyclises to 
2-phenylbenzotriazole 98 with loss of carbon dioxide. The mechanism proposed for 
this involves a series of electrocyclic ring closing and opening, shown in Scheme 40. 
There was evidence in the form of JR data to support tentatively the involvement of 























However, a very different product was obtained when the carbodi-imide 
group is located on a phenyl group ortho to the nitro group as in 100. Pyrolysis of 
100 gives 101 as the only product where one of the nitrogen atoms has been lost. The 
authors proposed the mechanism of formation of 101 was by a similar initial 
cyclisation to that shown in Scheme 40. However, subsequent steps of their 
proposed mechanism regenerated the nitro group before homolysis of the aryl-nitro 
bond gave a phenyl radical. It seems more likely that the initial step would be 
homolysis of the aryl-nitro bond to give 102 followed by radical cyclisation as shown 
in Scheme 41. 
Flash vacuum pyrolysis has shown that an N-phenylindole, substituted in the 
ortho position leads to cyclisation by initial homolysis of the aryl-nitrogen bond. 46 
Homolysis of the aryl-NO 2 bond in 103 gives the aryl radical 104 which goes on to 
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1.6 	Conclusions 
Overall, the pyrolysis of nitroaromatics follow similar routes under the 
variety of conditions in which it has been examined. The various competing 
pathways detailed in Section 1.3 are the source of all the products obtained with 
interactions with solvents being important in flow and solvent thermolyses. The 
relative importance of each of the pathways varies from system to system but in most 
cases homolytic cleavage of the carbon-nitrogen bond is the dominant pathway. 
However, the inclusion of an ortho substituent has a marked effect of the reaction 
pathways by giving rise to the possibility of intramolecular interactions. A 
substituent ortho to a nitro group allows for direct interaction between the two 
groups. In the case of o-nitrotoluene 52 this leads to rearrangement to an anthranil 
57 intermediate. This intermediate can itself break down to give either aniline 26 or 
cyanocyclopentadiene 58, or in flow and solvent pyrolyses it can react to give other 
products. The factors affecting the route of the breakdown of anthranil 58 are 
unclear and as a result it is unclear why some conditions favour the formation of 
cyanocyclopentadiene 58 and some aniline 26. 
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RESULTS AND DISCUSSION 
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2.1 	Dehydration of o-nitrotoluene 
4 	3 
(XN02 -H20 
52 	 7 	1 
Scheme 43 	
57 
As discussed in Section 1.5.2, the dehydration to anthranil 57 is an important 
reaction in the thermolysis of o-nitrotoluene 52, Scheme 43. This reaction has been 
shown to occur in laser powered homogeneous," shock tube 32 and flow 
pyrolyses27 '37  as well as thermolysis in supercritical solvents' 8 and reaction in 
aqueous solution  36,37  which will be discussed in detail in Section 2.4. In each case 
the more reactive anthranil intermediate then goes on to react to give various 
products (Schemes 44 and 45). In solvent and in gas-phase flow pyrolysis, anthranil 
57 can react with the carrier gas or solvent to give various products including 
anthranilic acid 72, anthranilamide 74 and anthranilonitrile 75 . 36 ,37  In laser powered 
and shock tube pyrolyses where interaction with other reagents does not occur, 
anthranil has been found to decompose to cyanocyclopentadiene 58 and aniline 
2611,32 via either 64 or 66 (Scheme 45), as discussed in Section 1.5.2 (Scheme 27). 
The dehydration to anthranil is, however, only one of three main competing 
pathways in the thermal breakdown of o-nitrotoluene and as such yields low amounts 
of the above products with at best 30% yield. 
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In solution the dehydration of o-nitrotoluene has been shown to be catalysed 
by both acid47 and base. 3337  However, in the gas phase the possibilities of catalysing 
the reaction have not been investigated. Flow pyrolysis of o-nitrotoluene has only 
previously been carried out over inertly packed furnace tubes  27,28  and laser powered 
homogeneous pyrolysis  26  and shock tube pyrolysis 6 have not made use of any 
catalyst. There were therefore, two main aims of the work in this project; to extend 
the work in basic solution to encompass a wider range of conditions and also to 
investigate the possibilities of catalysis in the gas phase. The basic solution study 
was a continuation of previous work, involving reaction of o-nitrotoluene under 
various conditions in an attempt to optimise the anthranil derived products and will 
be discussed in Section 2.4. The gas phase studies involved two methods of 
pyrolysis, flash vacuum pyrolysis (FVP) and flow pyrolysis which will be considered 
in Sections 2.2 and 2.3 respectively. 
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2.2 	Flash vacuum pyrolysis (FVP) 
The apparatus used in flash vacuum pyrolysis (FVP) is outlined in Figure 1, 
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Figure 1: Flash vacuum pyrolysis apparatus. 
The substrate is placed in the inlet tube which is heated to volatilise the 
substrate into the furnace tube. The apparatus ensures that the substrate is in the hot 
zone for a very short contact time (milliseconds). The low pressure ensures that 
intramolecular reactions are more likely than intermolecular reactions. This results 
in cyclisations, rearrangements and eliminations in preference to bimolecular 
coupling reactions. 
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2.2.1 Flash vacuum pyrolysis of ortho-nitro aromatics 
As discussed in Section 2.1, one of the main aims of this project was to 
investigate the dehydration of o-nitrotoluene in the gas phase. The dehydration to 
anthranil is the first step in the reaction as the anthranil intermediate goes on to 
further reaction. Initially an assay was required to monitor this key dehydration step 
alone. This was done under FVP conditions where the additional variables 
associated with the intermolecular reactions in flow pyrolysis are not relevant. 
Therefore, it was necessary to investigate if the formation of anthranil in FVP could 
be used as a means of determining whether dehydration of o-nitrotoluene had 
occurred. For this purpose an initial investigation was carried out to determine the 
thermal stability of anthranil. This was done in order to determine at what 
temperature the decomposition of the o-nitrotoluene dehydration product took place. 
This was achieved by flash vacuum pyrolysis of anthranil at a range of temperatures, 
475 °C - 600 °C. The crude pyrolysates were analysed by 'H NMR spectroscopy to 
determine the amount of unreacted anthranil remaining. This was done by 
comparing the integral of the signal due to the 3-proton of anthranil ( 6H [2H6]-DMSO 
9.8 ppm) against that of the four protons in a known amount of 1,4-dinitrobenzene 
(6H [2H6]-DMSO 8.4 ppm). 1,4-Dinitrobenzene gives a singlet peak in the proton 
NMR spectrum with a chemical shift sufficiently different from those in anthranil to 
allow this comparison. Since this reference has very low solubility in chloroform, 
the crude pyrolysates were collected into [2H6]-DMSO along with a known amount 
of the reference. The results obtained from this are shown in Table 1 and Figure 2. 
An example calculation for the percentage unreacted anthranil at 500 °C is also 
shown. 
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Table 1: Results of anthranil and 3-methylänthranil decomposition. 
Substrate Temperature / °C % Unreacted 











Calculation of percentage unreacted for anthranil at 5.00 °C. 
Integral of four hydrogens of reference 	= 	50 mm 
Integral of unreacted anthranil 3-11 	= 	61 mm 
Molar ratio of anthranil:reference 	= 	61/ (50/4) 
= 	4.88 
Percentage anthranil unreacted 
= 	0.0325 g 
= 	2.73 x 10-4 moles 
= 6.5 mg 
= 	3.87 x 10 moles 
= 	3.87 x 10 x 4.88 
= 	1.89x 10-5 moles 
(1.89x 10 5 /2.73x 10')x 100 
= 	69% 
Mass of anthranil pyrolysed 
Moles of anthranil pyrolysed 
Mass of reference used 
Moles of reference used 
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Figure 2: Temperature stability profile for anthranil and 3-methylanthranil. 
The temperature stability profile, Figure 2, shows that the breakdown of 
anthranil gives a sigmoid curve. A maximum of 77% anthranil remained at 475 °C 
with only a very small amount remaining at 600 °C. The products resulting from the 
FVP of anthranil have already been identified by pyrolysis at 750 OC.48  As has been 
found previously, 11,32,38  anthranil 57 was found to form 1-cyanocyclopentadiene 58 
as the major product and aniline 26 (Scheme 45) along with several other aromatic 
products. However, 1-cyanocyclopentadiene 58 was found to undergo dimerisation 
by Diels-Alder reactions to give a variety of products 106 with the cyano groups in 
different positions, Scheme 46. These products give numerous peaks in the aliphatic 
region of the proton NMR spectrum. Since these products are difficult to identify 
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and quantify yields, their identification would not be a sufficient way of monitoring 
anthranil formation. The difficulty in identifying the breakdown products of 
anthranil combined with its low thermal stability confirmed that this system would 
not be an effective means of studying o-nitrotoluene dehydration under FVP 
conditions. 
The initial breakdown of anthranil is thought to proceed via the mechanism 
discussed in Section 1.5.2 (Scheme 27). The iminoketene intermediate may either be 
trapped by a nucleophile or undergo intramolecular breakdown to give 26 and 58, 
Scheme 47. An intramolecular system was required in order that the additional 
variables associated with the reactive intermolecular trapping agent are avoided and 
only the dehydration step is involved. It was thought that if the hydrogen shift to the 
nitrogen could be blocked, the thermal stability of anthranil could be increased 
making it a useful way to monitor the dehydration. An attempt was made to do this 
by substituting a methyl group in the 3-position and repeating the thermal stability 
study with 3-methylanthranil. Firstly 3-methylanthranil had to be synthesised and 
several suitable methods for this were found in the literature. The method by Kim et 
al.49  was chosen due to the high yield quoted and the easily available starting 
materials used. This involved reduction of o-nitroacetophenone by 
2-bromo-2-nitropropane and zinc dust in deoxygenated methanol. However, this. 
CZI~ C0 
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method failed to yield anything other than starting material probably due to the use 
of inactivated zinc dust. 
3-Methylanthranil 107 was then produced by a modification of the method 
used by Bamberger and Elger. 5° This involved a reduction of the nitro group of 
o-nitroacetophenone 108 by zinc dust in basic solution to form the five-membered 
ring as shown in Scheme 48. Thin layer chromatography showed that the reaction 
had given two products which were separated by dry-flash column chromatography 
on silica. This gave 3-methylanthranil in 63% yield with the other product being 
o-aminoacetophenone 109, where the nitro group has been fully reduced. Since the 
only product other than the 3-methylanthranil contained a basic amino group, an acid 
wash during the separation was sufficient to purify the product on subsequent scale 
up of the reaction. 
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Pyrolysis of 3-methylanthranil 107 was carried out at a range of temperatures, 
450 °C - 650 °C and the crude pyrolysates were examined by 1 H NMR spectroscopy 
as with anthranil. In this case, however, the integral of the methyl group 
(oH 2.8 ppm) was compared with the reference integral to calculate the amount of 
unreacted 3-methylanthranil remaining. The results obtained from this are also 
shown in Table 1 and Figure 2. The temperature stability profile shows that both 
anthranil and 3-methylanthranil have a very similar thermal stability profile with at 
most -P35 °C between the curves. A much larger difference was hoped for with the 
addition of the methyl group but this does not seem to be the case. The stability of 
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the compounds are, therefore, assumed to be mainly due to the strength of the N-O 
bond and as. a result it is unlikely that any other derivatives would produce a useful 
increase. 
Although the desired increase in thermal stability was not observed, a very 
interesting result did emerge from the 3-methylanthranil pyrolysis. It was noted from 
the crude 'H NMR spectrum that the pyrolyses appeared to lead cleanly to only one 
product. The pyrolysis of 3-methylanthranil was repeated at 700 °C to ensure 
complete conversion, and NMR spectra were obtained in both [2H6]DMSO and 
[2H]chloroform, without the need for 1,4-dinitrobenzene as a reference. The product 
obtained was identified from its 'H and ' 3C NMR spectra as indoxyl, 
1H-indol-3(2R)-one 110, in a yield of 86% (Scheme 49). Figure 3 shows the 'Hand 
' 3C NMR spectra of the crude pyrolysate in [2H]chloroform illustrating how clean 
the conversion was. The ' 3C NMR spectrum shows the four aromatic peaks, the 
methylene peak and three quaternary peaks of the indoxyl with very few other 
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Figure 3: 'H and '3C NMR spectra of 1H-indol-3(211)-one in [ 2H]chloroform solvent. 
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significant peaks present. The mass spectrum of the crude pyrolysate also indicated 
the presence of small amounts of indigo 111, with a molecular ion peak at 252. 
There are two possible mechanisms of formation of indoxyl, shown in 
Scheme 50. Firstly, homolytic cleavage of the N-O bond of 3-methylanthranil (a) to 
give the diradical 112 may be followed by hydrogen abstraction to give 113 and 
cyclisation to indoxyl 110. Alternatively, electrocyclic ring opening of the 
5-membered ring (b) may give the nitrene intermediate 114 which can then insert 
into the C-H bond to give indoxyl. 
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of indigo 111 were confirmed by the mass 
spectrum with a molecular ion peak at 252.51  Also, traces of blue were observed at 
the exit point of the furnace which were attributed to indigo. Indigo has previously 
been shown to be formed by atmospheric oxidation of 11052,53  with a captodative 
radical as the intermediate 115 53 (Scheme 51). The captodative effect, studied by 
Viehe,53 has shown these radicals to be highly stable due to the combined action of 
an electron-withdrawing substituent and electron-donating substituent on the centre. 
This gives stabilisation by allowing the radical centre to be delocalised onto both of 
these substituents as shown in Scheme 52. 
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The formation of indoxyl 110 has previously been shown to occur on heating 
3-methylanthranil in a test tube  50,52  where it has been isolated as an azo-coupled 
product. Under these conditions indoxyl 110 was also found to oxidise to indigo 
111. This gas-phase FVP route has distinct advantages over the previous method of 
formation of indoxyl, 1H-indol-3(2H)-one. Under FVP conditions, indoxyl is 
formed, and can be isolated, in very high yield with very little oxidation to indigo. 
A similar study has been examined with heterocycles replacing the aromatic 
ring in two final year undergraduate projects under my supervision.  53  This work has 
enabled the first characterisation of heteroindoxyls which under any other conditions 
are too unstable to isolate. Pyrolysis of the azide 116 and tetrazolopyridine 117 leads 
to loss of nitrogen giving the nitrene intermediates 118 and 119 which then cyclise to 
give the heteroindoxyls 120 and 121 (Scheme 53). Interestingly, at lower furnace 
temperatures, pyrolysis of 117 cylises to 122 which at higher temperature rearranges 
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to 121 but analogous behaviour is not found with 116. 
1H-Indol-3(2H)-one 110 has been shown previously by Capon and Kwok 54 to 
tautomerise in DMSO over a period of 24 hours from the keto form to give the enol 
form 3-hydroxyindole 123 and this was again observed (Scheme 54). This solvent 
dependent tautomerism has also been shown to occur with the corresponding 
3-hydroxypyrroles where 124 has been shown to convert to 125 in polar solvents, 55 
also shown in Scheme 54. The observation of this tautomerism confirms the 
assignment of indoxyl 110 as the product from the 3-methylanthranil pyrolysis. 
The basis for the conversion to the enol form is the ability of DMSO to form 
hydrogen bonds with the enol form. The enol form is more stable with respect to the 
keto form in DMSO than it is in aprotic solvents such as chloroform as it is unable to 
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Figure 4: 'II and 13C NMR spectra of 1H-Indol-3(2H)-one in [ 2H6]-DMSO solvent. 
Figure 5: 'H and ' 3C NMR spectra of 3-hydroxyindole after 24 hours in [2H6]-DMSO solvent. 
form hydrogen bonds with solvent. 
Figures 4 and 5 show 1 H and 13 C NMR spectrum in [2H6]-DMSO carried out 
just after the pyrolysis of 3-methylanthranil was complete and after 24 hours 
respectively. Figure 4 shows the keto form 110 with a small amount of enol form 
present with complete tautomerism to the enol form 123 after 24 hours as shown in 
Figure 5 
Since the pyrolysis of 3-methylanthranil gives almost entirely one product, 
this also gives an additional check for the percentage decomposition calculated in the 
thermal stability study. Table 1 showed the results obtained from comparing the 
peak height of the methyl group of unreacted 3-methylanthranil against that of a 
known amount of the reference. From this the molar amount of unreacted 
3-methylanthranil could be calculated. To confirm these results, the integral heights 
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Table 2: Percentage decomposition for 3-methylanthraniL 
Temperature I °C % Unreacted from 
reference method 
% Unreacted from product 
formation method 
450 99 100 
500 75 81 
550 40 41 
600 15 21 
650 2.7 11 
from the 'H NMR spectra of the methylene group of the product against the methyl 
group of the starting material were compared, these results are shown in Table 2. 
This check acted as confirmation that the procedure employed with the known 
amount of the reference is an accurate method of determining the percentage 
decomposition. The result for 650 °C was inaccurate due to the errors associated 
with the integral of the very small methyl peak of the small amount of unreacted 
3 -methylanthanil. 
The formation of 1H-indol-3(2H)-one 110 as the only significant pyrolysis 
product of 3-methylanthranil 57 is a very important reaction as it gives us a method 
of monitoring the potential formation of anthranil derivatives by dehydration. If 
dehydration of 1-ethyl-2-nitrobenzene 126 to 3-methylanthranil occurs, it should 
convert cleanly to 1H-indol-3(2H)-one at higher temperatures as shown in Scheme 
55. This is key to studying the dehydration of ortho-alkyl nitro compounds as it 
gives an intramolecular process leading to stable products that can be used as a 
quantifiable assay of the dehydration of 1 -ethyl-2-nitrobenzene. 
It has been seen in aqueous solution (Section 2.4) that the dehydration of 
o-nitrotoluene to anthranil is both acid and base catalysed. Therefore, both 
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of acidic and basic solid catalysts to attempt to increase the amounts of products 
formed by initial dehydration. Pyrolysis of 1-ethyl-2-nitrobenzene was first carried 
out at several temperatures with no packing in the furnace tube. This was in order to 
assess the thermal stability and was done to on a purely qualitative basis by proton 
NMR spectroscopy with no identification of the decomposition products given. At 
500 °C pure 1-ethyl-2-nitrobenzene was obtained; at 600 °C there was a little 
evidence of decomposition; at 650 °C further breakdown can be seen to have taken 
place and at 700 °C there was considerable breakdown with little starting material 
remaining and a complex aromatic region in the proton spectrum. 
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2.2.2 Flash vacuum pyrolysis of aromatic nitro compounds over solid catalysts 
2.2.2.1 	Introduction 
Solid catalysts have been shown to be effective in catalysing a variety of 
synthetic processes. Zeolites in particular have been shown to catalyse a wide range 
of processes. Zeolites have long been essential catalysts in the petroleum industry 
for cracking large hydrocarbons into high-octane compounds. 56  More recently 
zeolites have found use as catalysts in chemical synthesis. The catalytic properties of 
zeolites stem from their acidic nature and their ability to absorb organic molecules. 
These aspects which will be discussed later along with the structure of the zeolites. 
The acid catalysed rearrangement of epoxides to aldehydes or ketones has 
been shown to take place under the influence of zeolites. 57 A variety of zeolites were 
found to be effective alternatives to conventional acids in converting, for example, 
a-pinene oxide 127 to campholenic aldehyde 128 as shown in Scheme 56. 
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Scheme 56 
Zeolite Y has been found to promote the sequential acid catalysed reaction of 
spirolactone 129 to tricylic enone 130.58  This multistep transformation was shown to 
occur within the pores of this large pore zeolite and involves the initial formation of 
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Scheme 57 
59 
the acylium ion 131, as shown in Scheme 57. 
Zeolite Y has also been found to catalyse the formation of the tricylic 
spiroketal 132 from the tricarbonyl dihydropyran derivative 133, shown in Scheme 
58.59 Surface adsorption was concluded to play an important role in the reaction by 
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Silica gel has also been reported to promote Diels-Alder reactions in 
solution.  60  In solution, 1,4-naphthoquinone 135 and 1,3-butadiene 136 were found to 
give substantially increased yields of 137 in the presence of silica. 
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Scheme 59 
Alumina and alumina supported bases have been found to catalyse a range of 
processes. Doping alumina with metal oxides  6 ' has been shown to have a notable 
effect on its properties resulting in interesting reactivity. Alumina supported KF has 
been shown to catalyse a range of processes including alkylation, condensation and 
desilylation. 62 Interaction of the KF with the alumina is known to produce highly 
basic species such as K 3A1F6 and KA102. 62 One example is the reaction of 138 with 
benzaldehyde 34 which is catalysed by the addition of KF/Alumina to give 139 as 
shown in Scheme 60 
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Previous work in FVP has shown that solid catalysts can reduce reaction 
temperatures and alter reaction selectivit? 3 but little work has been carried out with 
zeolites, silica or alumina as catalysts. 
2.2.2.2 	Structure and nature of catalysts used 
The solid catalysts used in the present FVP reactions were chosen to be 
highly thermally stable so that they could be used at the high temperatures normally 
used under FVP conditions. The catalysts also had to have either acidic or basic 
properties in order to effect the desired reaction of dehydration of aromatic nitro 
compounds. To suit these requirements the solid catalysts chosen for use in this 
work were alumina and a variety of zeolite and silica samples, the structures and 
properties of which are detailed below. 
Zeolites56 ' 63 Zeolites are classed as aluminosilicates with a crystalline structure 
consisting of Si02 and A102 polyhedra. These polyhedra are linked together to give 
an open microporous framework with regular molecular-sized intracrystalline 
channels and cavities. The size of these channels and cavities is controlled by the 
method of preparation and varies between different types of zeolite. Substitution of 
Al for Si in the zeolite structure creates an anionic site within the framework. 
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Neutralisation of the charge created by the introduction of each A10 2 can either be 
by protonation of the Al-O-Si oxygen centre or by counter cations located throughout 
the zeolite structure. This gives zeolites both Brönsted acid and Lewis acid 
properties. The extent of substitution of Si0 2 for A102 is expressed as a Si/Al ratio 
and this has a large effect on the acidic properties of the zeolite. The higher the 
aluminium content of the zeolite the more acidic sites it will have, however, the 
strength of these sites is reduced since the positive charge is more efficiently 
dispersed by the adjacent anionic centres. 56 
The structure of zeolite A is based on interlinked sodalite cages, Figure 6. 
The cages are linked through face sharing cubes. Void space outside the sodalite 
cage and cube framework forms a three-dimensional interconnecting pore system 
consisting of a-cages. Although the volume within theses pores may be large, 
zeolite A is called a small pore zeolite as apertures to these cages only allow the 
entry of molecules with a very small diameter such as water and straight chain 
alkanes. 
The structures of zeolite Y and zeolite X, also referred to as faujasite, are 
similar to that of zeolite A in that they are based on sodalite cages, shown in Figure 
6. However, in zeolite X and Y these cages are linked through face sharing 
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Figure 6: Structure of sodalite cage, zeolites A, X and Y. 
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cages with small apertures which allow the passage of unsolvated cations. Void 
space outside the sodalite cage and hexagonal prisms forms a second 
three-dimensional pore system consisting of supercages. Zeolite X and Y are termed 
large pore zeolites as the apertures in the supercage system allow the passage of 
molecular species. The difference between X and Y is in the silica to aluminium 
ratio. Zeolite X is low silica, high aluminium with a Si/Al between 1 and 1.5. 
Zeolite Y is higher in silica with Si/Al of greater than 1.5. 
The structures of zeolites ZSM-5 and mordenite are based on crosslinked 
chains of pentasil sub-units. Void space outside the pentasil framework forms a 
three-dimensional intersecting system, the structure of ZSM-5 is shown in Figure 7. 
ZSM-5 has two types of channels through this system, a small elliptical one which is 
linear and a large circular one which zigzags through the framework. Mordenite also 
has two interconnecting channels although one is too small to allow the passage of 
molecular species. Both zeolites are termed medium pore zeolites as the channels 
within the structure are intermediate in size. 
ZSM.5 	 ZSM.5 pore system 
Figure 7: Structure and pore system of zeolite ZSM-5. 
Silica 61 	The principal structural units of all silicas consist of Si 4 cations 
tetrahedrally coordinated to 02  anions. The tetrahedral sub-units are corner linked to 
form chains rings and sheets where the tetrahedra are drawn with Si in the centre and 
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0 at each apex. The linkages between the sub-units are known as siloxane bridges 
and consist of Si-O-Si units. Unshared tetrahedral apices normally form silanol 
groups (Si-OH). 
Alumina 63 	Alumina is a polymorphic form of A1 203 with oxygen bridges 
between aluminium atoms. There are various forms of alumina which can have 
either acidic or basic surfaces. Activated basic alumina was used in this work on its 
own and as a support for other bases. Activated aluminas are prepared by calcination 
of hydrated aluminas to give a structure with a high surface-area and regular 
channels and cavities. 
All of the solid catalysts used were incorporated in the FVP apparatus shown 
in Figure 1 in a similar manner. Catalyst samples were held in place in the centre of 
the furnace tube, where previous work in the group has shown them to have the 
greatest effect. 53 For zeolite pellets or extrusions, 10 g of catalyst was used for each 
experiment and these were tightly packed and held in place by a silica wool plug at 
each end. For the powdered zeolite samples and the silica and alumina powders a 
furnace tube with a sintered glass disc in the centre was used. The powdered catalyst 
samples (3 g) were placed to the inlet tube end of the furnace held up to the sintered 
disc by a silica wool plug. With the powdered samples great care had to be taken 
when allowing nitrogen gas into the apparatus to avoid creating a large pressure 
difference between either side of the catalyst plug. If the nitrogen was allowed into 
the system too quickly, pressure would build up before it was able to pass through 
the tightly packed catalyst and this could potentially dislodge the catalysts sample. 
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A fresh batch of catalyst was used for each experiment except in a few cases 
where the recyclability of the samples was examined. Immediately prior to all 
experiments the catalysts were roasted in the furnace tube at the reaction temperature 
for two hours, followed by a further half hour held under vacuum. In cases where 
the reaction temperature was less than 450 °C, catalysts were roasted at 450 °C and 
the furnace temperature reduced to the desired value before pyrolysis commenced. 
For each of the catalytic samples used, pyrolysis of o-nitrotoluene and 
1-ethyl-2-nitrobenzene was carried out. Typically around 1.5-2 mmol of substrate 
was pyrolysed in each experiment. The products from each pyrolysis were collected 
into solvent and identified by 'H and ' 3 C NMR spectroscopy. In most cases mixtures 
of products were obtained and the components were identified from the NMR 
spectra. Following the various pyrolyses of o-nitrotoluene and 
1-ethyl-2-nitrobenzene, an investigation into the mechanism of formation of the 
various products was undertaken. This involved pyrolysis of various possible 
intermediates to determine their possible involvement in the reactions. Many of the 
products were formed by pyrolysis over several of the catalyst samples and work to 
determine the mechanism of formation of these common products is detailed 
separately in Section 2.2.7. 
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2.2.3 FVP Over Zeolite 13X 
Zeolite 13X used for the FVP experiments was supplied by Lancaster in 
1-2 mm pellets. Pyrolysis of o-nitrotoluene 52 over zeolite 13X at 500 °C gave 
recovery of 12% starting material along with a conversion to toluene 38 in 5.5% 
yield as shown in Scheme 61. Pyrolysis of 1-ethyl-2-nitrobenzene 126 over zeolite 
13X at 500 °C gave recovery of a trace of starting material along with a conversion 






52 52 38 
12% 5.5% 
CC.,  500 °C + iiZIIIr- 	+ 2 
126 126 140 141 
Scheme 61 	
Trace 13% 4% 
The identification of the above products was made by a combination of 
proton and carbon NMR spectra of the crude pyrolysates. In the pyrolysis of 
1-ethyl-2-nitrobenzene, certain peaks from different products overlapped in the 'H 
NMR spectrum and well resolved, characteristic signals were used to identify each 
component of the mixtures. A calculation of the integrals, however, showed that in 
all cases there were no significant unidentified products with signals in these regions. 
Percentage yields were obtained by distribution of the overall mass recovered in the 
molar ratio of each of the products, obtained from the 'H NMR spectra. Since these 
products were obtained in several reactions, their detailed assignments are listed in 
Section 2.2.7. 
The overall yields of these reactions were clearly very low with an overall 
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mass recovery of -15% in both cases. After reaction examination of the zeolite 
samples showed them to be carbonised. This is evidence of decomposition of 
starting material on the zeolite surface. These reactions were carried out on a small 
scale of about 2 mmol, and it was thought that any losses due to decomposition 
would be more significant on small scale. As such investigation of the effect of 
increasing the scale of reaction was carried out. Pyrolysis of 1 -ethyl-2-nitrobenzene 
126 was first carried out at various temperatures in order to determine the optimum 
temperature for the conversion to ethylbenzene 140, the results of which are shown 
in Table 3. It can be seen from these results that the formation of styrene is favoured 
at the higher temperatures and that only traces of starting material remain above 
375 °C. The overall yields of the reactions of l-ethyl-2-nitrobenzene are similar at 
the different temperatures with -15% mass recovery in all cases. 
Following this a scaled up reaction of 1-ethyl-2-nitrobenzene over zeolite 
13X at 400 °C was carried out to investigate yield obtained from larger scale. A 
significantly larger amount of 1-ethyl-2-nitrobenzene (2.01 g, -13 mmol) was 
pyrolysed and a significantly higher mass recovery was observed. However the 
largest component of the product mixture was found to be unreacted starting material 
Table 3: Products from pyrolyses of 1-ethyl-2-nitrobenzene over zeolite 13X. 
Furnace temp.! °C 
Percentage yield of products 
1 -Ethyl-2-nitrobenzene 	Ethylbenzene 	Styrene 
350 2 12 - 
375 Trace 15 - 
400 - 13 - 
500 Trace 13 4 
650 No identifiable products 
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(68%) with only a 10% yield of ethylbenzene. The increased mass recovery obtained 
from the scaled up reaction, well over 70% compared to less than 20% in the small 
scale reactions, was largely expected. However, the vast difference in the ratio of 
starting material to ethylbenzene shows that there is a limit to how much substrate 
zeolite 13X is able to catalyse. This suggests that there are a limited number of sites 
within the zeolite structure which are active for catalysing these reactions which, on 
larger scale, become deactivated. 
Although a far higher overall mass recovery was obtained on larger scale, the 
actual percentage yield of products was lower due to the deactivation of the zeolite's 
reaction sites leading to the recovery of large amounts of starting material. 
Therefore, since the majority of the interaction of interest occurs on the active sites 
which are deactivated on larger scale reactions, the following reactions with other 
solid catalysts are carried out on small scale. 
The formation of toluene and ethylbenzene is by loss of the nitro group from 
o-nitrotoluene and 1-ethyl-2-nitrobenzene. Styrene is formed by dehydrogenation as 
well as loss of the nitro group from 1-ethyl-2-nitrobenzene. These products are all 
seen in the pyrolyses of o-nitrotoluene and 1-ethyl-2-nitrobenzene over other 
catalysts and the mechanism of their formation will be considered in Section 2.2.8. 
68 
2.2.4 FVP Over Zeolite A 
Zeolites A are small pore zeolites which are normally used for removing 
water from solvents. They have also been used in certain reactions which require the 
removal of water.' It was hoped that in the pyrolysis of o-nitrotoluene and 
1-ethyl-2-nitrobenzene this property could be used to affect the dehydration and 
produce products deriving from anthranil. 
Two different samples of zeolite A were used for the FVP experiments; 
Zeolite 3A which was supplied by Lancaster in 1-2 mm pellets. Zeolite 5A was 
supplied by Acros in 1.7-2.4 mm pellets. The identification of the pyrolysis products 
was again made by a combination of proton and carbon NMR spectra of the crude 
pyrolysates. Although certain peaks from different products overlapped in the 1 H 
NMR spectra from the 1 -ethyl-2-nitrobenzene pyrolyses, well resolved, characteristic 
signals were used to identify components of the mixtures. A calculation of the 
integrals, however, showed that in all cases there were no significant unidentified 
products with signals in these regions. Percentage yields were obtained by 
distribution of the overall mass recovered in the molar ratio of each of the products, 
obtained from the 'H NMR spectra. The detailed assignments for each product are 
listed in Section 2.2.7. 
Pyrolysis of o-nitrotoluene 52 at 500 °C over zeolite 3A was found to give 
recovery of mainly starting material (55%) with conversion to aniline 26 in 15% 
yield, as shown in Scheme 62. 
Pyrolysis of 1-ethyl-2-nitrobenzene 126 over zeolites 3A and 5A was carried 
out at 500 °C and 650 °C with both zeolites giving similar results, shown in Scheme 
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Table 4: Pyrolysis products from 1-ethyl-2-nitrobenzene over zeolite A. 
Zeolite Furnace 
Temp./°C 
Percentage yield of products 
126 	142 	26 	143 	141 
3A 500 30 13 - Trace - 
3A 650 Trace 16 15 Trace Trace 
5A 500 23 4 - Trace - 
5A 650 6 13 15 Trace Trace 
indole 142 in 13% yield and a trace of 2-vinylaniline 143. Pyrolysis was also carried 
out at 650 °C to increase the conversion to products and this resulted in formation of 
indole 142 in 16% yield with aniline 26 in 15% yield. Only a trace of 
1-ethyl-2-nitrobenzene remained at the higher pyrolysis temperature with traces of 
2-vinylaniline and styrene 141 also formed. 
Zeolite 5A appear to have slightly less of an effect on 1 -ethyl-2-nitrobenzene, 
with a much smaller yield of indole 142 (4%) being formed at 500 °C. A trace of 
2-vinylaniline 143 was also formed with starting material (23%) the major 
component of the pyrolysate. Again pyrolysis at 650 °C gave an increase in 
reactivity with a 13% yield of indole 142 and formation of aniline 26 in 15% yield 
with only 6% starting material remaining. Traces of 2-vinylaniline 143 and styrene 
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141 were also formed. 
The pyrolyses over zeolite A show an interesting reactivity with both the 3A 
and 5A showing a distinct similarity. This would be expected since their basic 
structure is the same with only the cavity size differing. The mass recoveries 
obtained in the pyrolyses of 1 -ethyl-2-nitrobenzene over zeolite A are moderate with 
the total yield always lower than 50%. In the pyrolysis of o-nitrotoluene the total 
yield was 70% although the vast majority of this was unreacted starting material 
which most likely did not interact with the zeolite surface. As discussed in Section 
2.2.2.2 the apertures in the structure of zeolite A are too small to allow molecules as 
large as the nitro aromatic compounds used into the internal pore system. Therefore 
the reactions observed in the pyrolyses over zeolite A can only be the result of 
interaction with the surface of the catalyst. 
The products obtained from the pyrolyses over zeolite A show there are 
several pathways by which ortho-nitro aromatics can react in these conditions. The 
formation of aniline from both o-nitrotoluene and 1-ethyl-2-nitrobenzene is by a 
combined dealkylation and reduction of the nitro group. However, none of the 
dealkylated nitrocompounds, or the reduced amines were observed, Scheme 63. The 
formation of aniline is a very significant result as it may well be via the 
intramolecular dehydration to anthranil as discussed in Section 1.5.2. The 
aLJ NO2 	 LJL. NO2 	 NH2 
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'I 
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conversion of o-nitrotoluene to aniline requires a dealkylation and a reduction of the 
nitro group to the amine. The absence of any of the only reduced o-toluidine or the 
only dealkylated nitrobenzene would appear to suggest that the two processes are not 
independent. Investigation into the mechanism of formation of aniline was carried 
out in detail and is described in Section 2.2.8.1. The mechanism of formation of the 
three other products from 1-ethyl-2-nitrobenzene involve a combination of either 
cyclisation, reduction, denitration or dehydrogenation. All of these products are also 
formed by pyrolysis over different catalysts and examination of the mechanism of 
their formation will be detailed in Section 2.2.8. 
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2.2.5 FVP Over High Silicon Large Pore zeolites 
Pyrolysis of o-nitrotoluene and 1 -ethyl-2-nitrobenzene were carried out over 
a range of large and medium pore zeolites samples. Zeolite samples used were 
standard zeolite Y from Alfa Aesor; zeolite CBV 720-X16 and CBV 780-X16 which 
were supplied by Zeolyst and were zeolite Y samples with Si/Al ratios of 30:1 and 
80:1 respectively; zeolite CBV 5562G which was supplied by Zeolyst and was 
zeolite ZSM-5 with a Si/Al ratio of 55:1; zeolite CBV20A-X16 which was mordenite 
with a Si/Al ratio of 20:1. 
The zeolite samples were supplied with either hydrogen (H) or ammonium 
(NH4) as the counter cation and all came in the form of extrudate. Where 
ammonium was the cation, roasting in the furnace tube liberated ammonia to leave 
H. Zeolite CBV 720-X16 also came in the form of powder, this was used to 
perform cation exchange to replace the H counter cation with a metal cation. Cation 
exchange has been shown to alter reaction selectivity. 65  Cation exchange was 
performed by stirring the zeolite powder in a 10% solution of the nitrate of the 
desired metal in deionised water before filtering and drying. 66  Sodium, calcium and 
nickel were chosen as suitable cations. Pyrolysis of o-nitrotoluene and 
1-ethyl-2-nitrobenzene was then carried out over the three cation exchanged zeolite 
samples. 
These various zeolite samples all gave very similar results in the pyrolyses of 
o-nitrotoluene and 1 -ethyl-2-nitrobenzene with in most cases only slight variations in 
the yield of products obtained. These zeolite samples will therefore, be collectively 
referred to as high silicon zeolites. The identification of the pyrolysis products was 
again made by a combination of proton and carbon NMR spectra of the crude 
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pyrolysates. Although certain peaks from different products overlapped in the 'H 
NMR spectra from the 1-ethyl-2-nitrobenzene pyrolyses, well resolved, characteristic 
signals were used to identify components of the mixtures. A calculation of the 
integrals, however, showed that in all cases there were no significant unidentified 
products with signals in these regions. Percentage yields were obtained by 
distribution of the overall mass recovered in the molar ratio of each of the products, 
obtained from the 1 H NMR specta. The detailed assignments for each product are 
listed in Section 2.2.7. 
As can be seen in Table 5, the products from the pyrolyses of o-nitrotoluene 
over the various high silicon zeolites catalysts are very similar. The pyrolyses of 
o-nitrotoluene 52 all gave recovery of unreacted starting material in varying amounts 
along with conversion to aniline 26 in varying yields, shown in Scheme 64. 
Pyrolysis over the various extrudate samples at 500 °C all gave incomplete 
conversion to aniline 26 with varying yield obtained. The overall mass recoveries 
also varied with CBV 780-X16 giving the highest recovery with 51% unreacted 
starting material along with a 14% yield of aniline. The highest yield was obtained 
from CBV 720-X16 which gave 19% aniline but gave less recovered starting 
material (14%). 
Pyrolysis was carried out over zeolite CBV 720-X16 in the form of both 
extrudate and powder. The powdered sample gave almost complete reaction to 
recovery of a clean sample of aniline. However, the powder also gave a much lower 
mass recovery leading to slightly lower yield of aniline (16%). The cation 
exchanged samples of zeolite CBV 720-X16 powder at 500 °C also lead to almost 
complete reaction to aniline with only traces of starting material remaining. Sodium 
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Percentage yields of products 
52 	26 	146 
Y 500 21 19 - 
Y 600 - 8 3 
CBV2OA-X16 500 29 9 - 
CBV5526G 500 29 15 - 
CBV78O-X16 500 51 14 - 
CBV72O-X16 500 24 19 - 
CBV 720-X16 powder 400 24 5 - 
CBV 720-X16 powder 500 Trace 16 - 
Na 720-X16 powder 500 - 38 - 
Ca 720-X16 powder 500 Trace 41 Trace 
Ni720-Xl6powder 400 16 3.5 - 
Ni 720-X16 powder 500 - 17 Trace 
exchanged zeolite CBV 720-X16 was found to give a significant improvement 
giving a yield of 41% aniline compared to the 16% yield obtained when the cation 
was Ht 
As can be seen in Table 5, pyrolysis of o-nitrotoluene over zeolite Y was also 
carried out at 600 °C giving conversion to aniline 26 in 8% yield with no starting 
material remaining. Pyrolysis at the higher temperature also gave conversion to a 
small amount of compound 146 which was tentatively identified as benzonitrile 
(3%). The identification of compound 146 as benzonitrile will be discussed in 
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spectra from the pyrolyses of o-nitrotoluene over calcium and nickel cation 
exchanged zeolite CBV 720-X16 powder at 500 °C. Compound 146 was also 
obtained from the pyrolysis of nitrobenzene 4 over zeolite Y at 600 °C, which will be 
discussed in Section 2.2.8.1.2, and a mechanism of formation of benzonitrile from 
both of these substrates would presumably be by combination of phenyl radicals 10 
with decomposed material deposited on the zeolite surface. 
Pyrolysis of 1-ethyl-2-nitrobenzene was also carried out over a variety of 
these high silicon zeolites with the products obtained from pyrolyses over the various 
catalysts also very similar to each other, as shown in Table 6. 
The pyrolyses of 1-ethyl-2-nitrobenzene 126 over all of these high silicon 
zeolites led to conversion to aniline 26 and indole 142 with recovery of unreacted 
starting material also observed, shown in Scheme 66. In all cases, the formation of 
aniline was favoured over the formation of indole from a 2:1 ratio up to almost 
entirely aniline. 
In the pyrolysis of 1-ethyl-2-nitrobenzene 126 over zeolite CBV 20A-X16 at 
600 °C traces of styrene 141 and a small amount of 2-vinylaniline 143 were 
observed. Styrene (3%) was also observed in the pyrolysis over nickel-doped zeolite 
CBV 720-X16 powder. Both styrene and 2-vinylaniline were also observed as minor 
products in the pyrolyses over zeolite A and the mechanism of their formation will 
be considered in Section 2.2.8.3. 
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Percentage yield of products 
126 	26 	29 	Minor Products 
CBV2OA-X16 500 31 4 Trace - 
CBV 20A-X16 600 13 15 6 
1Iacesofstyrene 
+ 2-vinylaniline 
CBV5526G 500 40 7 4 - 
CBV78O-X16 500 35 12 4 - 
CBV72O-X16 500 30 10 Trace - 
CBV 720-X16 powder 500 3 16 3 - 
Na CBV 720-X16 500 6 35 9 trace of oxindole 
Ca CBV 720-X16 500 - 46 11 - 
Ni CBV 720-X16 500 - 14 7 3% styrene 
In the pyrolysis of 1-ethyl-2-nitrobenzene over sodium-doped zeolite CBV 
720-X16 powder a small trace of oxindole, 1H-indol-2(2H)-one, 147 was also 
observed in the NMR spectra of the crude pyrolysate (Scheme 67). This was 
identified by the CH 2 peak at 6H  3.58 ppm in the 'H NMR spectrum and at 8c 36.6 
ppm in the 13 C NMR spectrum which corresponded to the literature data. 67 The 
identification of 147 was confirmed by spiking of the NMR sample with a known 
amount of authentic oxindole. This gave an increase in the peak heights for the CH 2 
in both NMR spectra. The formation of oxindole in the pyrolysis of 
Oc 	
126 + 29 + 26+ Ez:II:I:I::: 	500 NaCBV72O-X16 O:N~== 
126 	 147 H 
Scheme 67 
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1-ethyl-2-nitrobenzene is a very significant result and this will also be discussed in 
Section 2.2.8.1. 
As was seen in the pyrolyses over zeolites 13X and A in Section 2.2.3 and 
2.2.4 respectively, the recovery of material from pyrolysis over these high silicon 
zeolites is moderate. The highest total mass recovery was 60% from the pyrolysis of 
o-nitrotoluene over CBV 780-X16 at 500 °C, although the majority of that was 
unreacted starting material. The highest yield of products was 57% obtained in the 
pyrolysis of 1-ethyl-2 7nitrobenzene over calcium doped zeolite CBV 720-X16 
powder at 500 °C with the formation of aniline favouring indole by 4:1. 
As discussed in Section 2.2.2.2, the structures of these high silicon zeolites 
allow organic molecules, of the order of the molecular diameter of those used here, 
to penetrate the internal pore system. This would enable interaction of the molecules 
with active sites within the pore system. However, the majority of the reactions 
observed in pyrolyses over these high silicon zeolites are the same as was observed 
for pyrolyses over zeolite A, Section 2.2.4. From this it is unclear whether reaction 
with the high silicon zeolites is taking place on the external surface of the catalyst or 
within the pore system. 
As in the pyrolyses over zeolite 13X, the low mass recoveries in these 
reactions was again attributed to decompostion on the zeolite surface. After 
pyrolysis over these high silicon zeolites, the zeolite samples were significantly 
carbonised showing evidence of this decomposition. The scale of these reactions 
was also looked at with a larger scale reaction carried out to examine the effect on 
yield and overall mass recovery. In this case, the recyclability was also examined to 
determine the extent of the deactivation of the catalysts following reaction. For this 
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Table 7: Yields from repeated large-scale pyrolysis of o-nitrotoluene over zeolite CBV 5526G. 
Reaction Percentage yield of products 
52 	 26 
Run 1 58 16 
Run  67 7 
Run 3 70 12 
Run  74 10 
Run  71 12 
Run  69 13 
purpose o-nitrotoluene 52 (ca. 2 g) was pyrolysed over zeolite CBV 5526G at 500 °C 
on six successive runs. The second run was carried out immediately after the first by 
simply disconnecting the inlet and U-tube and attaching new ones. Between each 
subsequent reaction run the furnace tube was disconnected and allowed to cool 
before being roasted in the usual method before the next run. The percentage 
recovery of unreacted starting material 52 and percentage yield of aniline 26 from 
each of the six runs is shown in Table 7. The first large scale run gave a yield of 
16% aniline with 58% unreacted starting material. This is a far greater overall mass 
recovery than was observed in the small scale reaction which 
gave 29% unreacted starting material and a yield of 15% aniline. Although the 
overall recovery is greater, it is mainly starting material. As was the case with the 
zeolite 13X, it would appear that there are a limited number of sites within the zeolite 
structure which are active for catalysing these reactions which, on larger scale, 
become deactivated. Reaction run 2, carried out immediately after the run 1 led to a 
reduction in the yield of aniline. Subsequent large scale runs gave a slight decrease 
in the yield of aniline (by Ca. 4%) compared to the first run but also an increase in the 
amount of unreacted starting material (by Ca. 12%). 
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2.2.6 FVP Over Silica and Alumina 
Pyrolyses of both o-nitrotoluene and 1 -ethyl-2-nitrobenzene were carried out 
over a range of powdered silica and alumina samples. Silica samples 
SP18-(8691-8694) were obtained from Glide and are referred to by these code 
numbers; standard silica gel, obtained from Fluka, was also used. Activated basic 
alumina was used on its own and as a support for KF, CaO and MgO. Pyrolysis of 
o-nitrotoluene was carried out over MgO pellets to verify that reactivity was due to 
the metal oxide on the alumina and not simply the oxide. Pyrolysis was also carried 
out over silica tubes internally coated with silica or alumina, the method of 
preparation of which is described in Section 3. 
Pyrolysis of the nitro compounds over the silica and alumina samples showed 
more varied reactivity but again the major products obtained corresponded to those 
obtained from the pyrolysis over the high silicon zeolites. The identification of the 
pyrolysis products was again made by a combination of proton and carbon NMR 
spectra of the crude pyrolysates. Although certain peaks from different products 
overlapped in the 'H NMR spectra from the 1-ethyl-2-nitrobenzene pyrolyses, well 
resolved, characteristic signals were used to identify components of the mixtures. A 
calculation of the integrals, however, showed that in all cases there were no 
significant unidentified products with signals in these regions. Percentage yields 
were obtained by distribution of the overall mass recovered in the molar ratio of each 
of the products, obtained from the 'H NMR specta. The detailed assignments for 
each product are listed in Section 2.2.7. 
The products from pyrolyses of o-nitrotoluene 52 over the silica and alumina 
samples are shown in Table 8. As was the case with pyrolysis over the high silicon 
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Percentage yield of products 
52 	26 	other products 
SP18-8691 500 - 37 Trace of 146 
SP18-8692 500 - 16 5% o-toluidine 
SP18-8693 500 3 29 - 
SP 18-8694 500 4 22 - 
Alumina 400 Trace 29 - 
Alumina 500 - 31 - 
KF doped alumina 400 - 7 3.5% toluene and a 
trace of o-toluidine 
CaO doped alumina 400 - 20 - 
MgO doped alumina 400 - 20 - 
MgO pellets 400 61 - - 
MgO pellets 600 65 - - 
zeolites the major product obtained is aniline 26 as shown in Scheme 68. Starting 
material was also recovered unreacted in several reactions. 
o-Toluidine 76 was also obtained as a minor product (5%) in the pyrolysis of 
o-nitrotoluene over silica SP18-8692 and as a trace in the pyrolysis over alumina 
supported KF. The mechanism of formation of o-toluidine is presumably by simple 
reduction of the nitro group but this will be examined further in Section 2.2.8. 
Toluene 38 was also a minor product (3.5%) in the pyrolysis of o-nitrotoluene 
over alumina supported KF. Toluene was the major product from pyrolyses over 
zeolite 13X and its mechanism of formation will be examined with control pyrolyses 
over zeolite 13X in Section 2.2.8. 
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Pyrolysis of 1-ethyl-2-nitrobenzene over various silica and alumina samples 
gave a wider range of products which are shown in Table 9. 
As with pyrolysis over the high silicon zeolites and zeolite A, the major 
products from most of the reactions were aniline 26 and indole 142 along with 
unreacted starting material as shown in Scheme 69. However, in this case indole was 
a more significant component of the product mixture and was the major product in 
several reactions. Minor products were much more significant in the pyrolyses over 
silica and alumina with ethylaniline 148, 2-vinylaniline 143 and styrene 141 present 
in several of the pyrolysates. Ethylaniline was a significant product in pyrolysis over 
SP 18-8694 with a yield of 9% and in the pyrolyses over both alumina supported CaO 
and MgO 148 was obtained in 7% and 8% respectively. A trace of 2-vinylaniline 
was observed in the pyrolysates of many of the reactions and a trace of styrene was 
observed in the pyrolysis over standard silica gel. 
The reaction of 1-ethyl-2-nitrobenzene over KF doped alumina at 400 °C 
showed different reactivity from most of the other reactions with the major product 
found to be ethylbenzene 140 in 14% yield. Indole was a minor product in this 
reaction with traces of it along with traces of 2-ethylaniline 148, 2-vinylaniline 143 
and styrene 141 all observed. 
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Table 9: Products from silica and alumina catalysed pyrolyses of 1-ethyl-2-nitrobenzene. 
Furnace Percentage yield of products 
Catalyst 
Temp/°C 126 	26 	142 	Other products 
Silica coated silica tubes 500 82 - - - 
Silica 500 5 21 24 Traces of styrene 
+ 2-vinylaniline 
Silica SP18-8691 500 - 15 6 
Silica SP18-8692 500 - 16 10 - 
Silica SP18-8693 500 - 18 10 - 
9%ethylaniline 
Silica SP18-8694 500 - 11 20 + trace of 
 2-vinylaniline 
Alumina coated silica tubes 500 75 - Trace Trace of 
2-vinylaniline 
Alumina coated silica tubes 600 42 Trace 8 Trace of 
2-vinylaniline 
Alumina 500 - 21 9 Trace of 
2-vinylaniline 
KF doped alumina 400 14% ethylbenzene + traces of indole, 
2-ethylaniline, 2-vinylaniline and styrene 
8% 










2.2.7 Identification of products 
As mentioned the identification of the products from the pyrolysis of 
o-nitrotoluene and 1-ethyl-2-nitrobenzene over the solid catalyst came from a 
combination of 'H and ' 3C NMR spectroscopy. The products from o-nitrotoluene 
pyrolyses were distinct from each other and all of the peaks could be distinguished. 
In the pyrolyses of 1 -ethyl-2-nitrobenzene some of the peaks from different products 
overlapped with each other. In these cases characteristic signals were used for their 
identification and these are listed below. 
2.2.7.1 FVP of o-nitrotoluene 
Pyrolysis of o-nitrotoluene over zeolite 13X gave recovery of both unreacted 
starting material and toluene. Toluene 37 was identified from the methyl peak at 6H 
2.3 ppm in the 'H NMR spectrum along with the aromatic multiplet at 8H  7.3-7.2 
ppm. The ' 3 C NMR spectrum also showed three aromatic peaks at öc 129.0, 128.1 
and 125.2 ppm in a 2:2:1 ratio with a methyl peak at 8 c 21.37 ppm and a quaternary 
peak at 8c 137.76 ppm corresponding to that of the literature. 68  Unreacted 
o-nitrotoluene 52 was identified from a doublet at 5H  7.96 ppm with a coupling 
constant of 8.4 Hz, an aromatic multiplet at 8H  7.66-7.28 ppm and the methyl peak at 
H 2.60 ppm. The 1 3  C NMR spectrum showed four aromatic peaks at 8C 132.94, 
132.66, 126.79 and 124.53 ppm, two quaternary peaks at 8c 149.13 and 133.46 ppm 
and the methyl peak at öc 20.32 ppm corresponding to that of the literature. 68 
Pyrolysis of o-nitrotoluene over zeolites A and Y as well as silica and 
alumina all gave recovery of unreacted starting material and aniline. Aniline 26 was 
identified by a broad singlet in the 'H NMR spectrum around 6H  3.6 ppm and 
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distinctive aromatic peaks at 5H  7.2-7.1 ppm (meta) and 6.8-6.6 ppm (ortho and 
para). Three aromatic peaks in the ' 3C NIvIR spectrum at 5 C 129.1, 118.3 and 115.0 
ppm in a 2:1:2 ratio and a quaternary peak at 6c  146.2 ppm corresponded with that in 
the literature. 68  Unreacted o-nitrotoluene 52 was identified from the same data 
listed above from the pyrolysis over zeolite 13X. 
Pyrolysis of o-nitrotoluene over zeolite Y at the higher temperature also 
yielded compound 146 which was tentatively identified as benzonitrile from the ' 3 C 
NMR spectrum. This gave aromatic peaks at 8c 132.75, 132.05 and 129.00 ppm in a 
1:2:2 ratio which was consistent with a mono-substituted aromatic compound. The 
chemical shifts suggested that the substituent was an electron withdrawing group. 
Comparison with literature data 68  excluded possible products such as nitrosobenzene 
18, azo and azoxy compounds 16 and 17 as well as biphenyl 19. Consultation of the 
SDBS NMR spectroscopy database (www.aist.go.ip/) with a search for the peaks at 
6c 132.7, 132.0 and 129.0 ppm in the 1 3  C NMR spectrum suggested benzonitrile as 
the only plausible product. The full literature ' 3 C NMR spectrum68 for benzonitrile 
shows, as well as the peaks at öc 132.78, 132.11 and 129.14 ppm, quaternary peaks 
at 5c 118.82 and 112.41 ppm. The ' 3C NMR spectrum of the crude pyrolysate also 
shows a quaternary peak at 5 c 112.30 ppm and it is possible that the other quaternary 
would be overlapping with the aniline peak at 8c 118.53 ppm. Comparison of the 1 H 
NMR spectrum of the crude pyrolysate with that of the literature 68  also supported this 
identification with two aromatic multiplets at oH 7.72-7.63 ppm (ortho and para) and 
7.54-7.49 ppm (meta). Preliminary attempts to obtain mass spectrometry data for 
compound 146 proved unsuccessful and separation of the pyrolysis product mixture 
by column chromatography was unsuccessful. 
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2.2.7.2 FVP of 1-ethyl-2-nitrobenzene 
Pyrolysis of 1-ethyl-2-nitrobenzene over zeolite 13X gave conversion to 
ethylbenzene and styrene as well as recovery of unreacted starting material. 
Unreacted 1-ethyl-2-nitrobenzene 126 was identified from a doublet in the 1 H NMR 
spectrum at oH 7.87 ppm with a coupling constant of 8.1 Hz and the quartet and 
triplet of the ethyl group at 0H  2.92 and 1.29 ppm respectively both with a coupling 
constant of 7.5 Hz. The ' 3 C NMR spectrum showed four aromatic peaks at 0c 
132.89, 131.11, 126.73 and 124.46 ppm, with a (CH 2) peak at 0c  26.11 ppm and a 
CH3 at 8c  14.88 ppm corresponding to that of the literature. 69 Ethylbenzene 140 
was identified from a quartet and a triplet in the 'H NMR spectrum corresponding to 
its ethyl group at 511 2.65 and 1.24 ppm both with a coupling constant of 7.6 Hz. The 
' 3C NMR spectrum showed three aromatic peaks at Oc  128.25, 127.80 and 125.42 
ppm in a 2:2:1 ratio; a CH 2 peak at Oc  28.82 ppm, a CH 3 at Oc  15.58 ppm and a 
quaternary at Oc  144.19 ppm corresponding to that of the literature. 68  Styrene 141 
was identified from its methylene group with two doublet of doublets in the 'H NMR 
spectrum. One peak at 8H  5.77 ppm with coupling constants of 17.5 and 0.8 Hz with 
the other peak at 0H  5.26 ppm with coupling constants of 11.0 and 0.8 Hz, 
corresponded to those in the literature. 70 The CH of the side chain also gave a 
doublet of doublets in the 1 H NMR spectrum at 0H  6.72 ppm with coupling constants 
of 17.6 and 11.0 Hz. The 1 3  C NMR spectrum showed CH peaks at Oc  136.83, 
128.49, 127.78 and 126.17 ppm with a CH 2 peak at Oc  113.78 ppm corresponding to 
that in the literature. 68 
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Pyrolysis of 1 -ethyl-2-nitrobenzene over zeolites A and Y as well as silica 
and alumina gave recovery of unreacted starting material as well as indole, aniline, 
styrene, 2-vinylaniline and ethylaniline. Indole 142 was identified by a broad singlet 
in the 'H NMR spectra around 8H  8.3 ppm and a doublet at oH 7.7 ppm with a 
coupling constant of 8.0 Hz. The ' 3 C NMR spectra also showed six methine peaks at 
0c 124.1, 121.9, 120.6, 119.6, 111.0 and 102.5 ppm which correspond with that in 
the literature. 68  Aniline 26 was identified from distinct aromatic multiplets in the 'H 
NMR spectra at 0H  7.24-7.10 and 6.81-6.67 ppm. The ' 3 C NMR spectra also showed 
three aromatic carbons at 0c  129.0, 128.1 and 125.2 ppm in a 2:2:1 ratio with a 
methyl peak at 0c  21.4 ppm corresponding to that of the literature. 
68  2-Vinylaniline 
143 was identified only from two doublet of doublets in the 'H NMR spectra which 
corresponded to that seen in the literature ,7 ' one peak at 01-1  5.63 ppm with coupling 
constants of 17.4 and 1.5 Hz with the other peak at 0H  5.31 ppm with coupling 
constants of 11.0 and 1.5 Hz. Styrene 141 was identified from two doublet of 
doublets in the 'H NMR spectra one at 0H  5.77 ppm with coupling constants of 17.5 
and 0.8 Hz with the other peak at 8H  5.26 ppm with coupling constants of 11.0 and 
0.8 Hz. Ethylaniline 148 was identified from the peaks from the ethyl group in the 
'H NMR spectrum with a CH 2 peak at 0,, 2.5 ppm and a methyl peak at 0H  1.3 ppm 
both with coupling constants of 7.5 Hz. The 13NMR spectrum shows four aromatic 
peaks at Oc  128.3, 126.7, 118.7 and 115.3, a CH2 peak at Oc  23.9 ppm, a methyl peak 
at Oc  12.9 ppm and two quaternary peaks at Oc  143.9 and 128.0 ppm corresponding 
to that of the literature. 68  Unreacted 1-ethyl-2-nitrobenzene 126 was identified from 
the same data listed above from the pyrolysis over zeolite 13X. 
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2.2.8 	Mechanistic Studies 
It is important to know the mechanism of formation of the various products 
from these reactions in order to understand how the substrates are interacting with 
the zeolite catalysts. The mechanism of formation of each of the products was 
studied by carrying out control pyrolyses of various possible intermediates. Aniline 
and indole, the major products, are discussed in the most detail with aniline of 
particular interest as it may well be formed via anthranil as discussed above in 
Section 1.5.2. 
2.2.8.1 	Aniline 
As discussed in Sections 2.2.3-2.2.6, the formation of aniline from 
o-nitrotoluene is very significant since it may be the result of initial intramolecular 
cylisation to anthranil. Anthranil is known to decompose thermally to aniline under 
a variety of conditions", 32,38,48  and it was possible that the nitro compounds were 
being transformed to aniline via an initial dehydration to anthranil by a similar 
mechanism to that reported in the literature. 32,38 
A detailed examination of the mechanism of formation of aniline follows. 
Experiments to deduce the mechanism of formation of aniline were carried out on a 
combination of the high silicon large pore zeolites and alumina since these were the 
catalysts giving the highest yields of aniline. 
The mechanism of formation of aniline 26 from o-nitrotoluene 52 and 1-ethy-
2-nitrobenzene 126 is by a combined reduction of the nitro group and a dealkylation 
with loss of either the methyl or the ethyl group. In the majority of examples both 
88 
processes took place together with none of the only reduced or only dealkylated 
products observed, shown in Scheme 63 (Section 2.2.4). The reduced products 
(o-toluidine 76 and 2-ethylaniline 148) were obtained from several reactions, usually 
only as very minor products; but the dealkylated nitrobenzene was never observed as 
a product. 
There are three obvious possibilities for the progress of these two processes 
as shown in Scheme 70. Firstly the mechanism can be via the intramolecular 
intermediate, such as anthranil 57 or 3-methylanthranil 107. Alternatively the 
reaction can proceed by initial reduction to 145 followed by dealkylation or by initial 
dealkylation to 4 followed by reduction. All of these three possibilities have been 
examined and are detailed below. 
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2.2.8.1.1 	Intramolecular rearrangement to aniline 
The possibility of the intramolecular rearrangement in the formation of 
aniline was of particular interest as it would be most likely to involve anthranil as the 
key intermediate. The involvement of anthranil as an intermediate is desired as it can 
go on to a variety of further reactions as discussed in Section 1.5.2. Since the only 
dealkylated or only reduced products appeared in only a few cases (Scheme 63 
above), it seemed likely that there was an interaction between the two functional 
groups. In particular this could have been by an intramolecular rearrangement via 
anthranil. Anthranil 57 itself was therefore pyrolysed over zeolite CBV 780-X16 at 
500 °C to determine if it would also decompose to aniline. This was indeed 
confirmed with pyrolysis giving a 28% yield of aniline 26 with only a tiny trace of 
anthranil remaining, Scheme 71. In previous work", anthranil had been found to 
breakdown under FVP with no catalyst to aniline along with cyanocyclopentadiene 
58 and its dimers 106 (Scheme 46, Section 2.2.1). Although no evidence was seen of 
cyanocyclopentadiene in the pyrolyses of o-nitrotoluene over the zeolites, it was 
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As discussed in Section 2.2.1, if dehydration of 1-ethyl-2-nitrobenzene were 
to occur this would give cyclisation to 3-methylanthranil. It has been shown, in 
Section 2.2.1, that FVP of 3-methylanthranil without a catalyst gave clean 
conversion to indoxyl, 1H-indol-3(211)-one 110. However, it was also possible that 
the interaction with the zeolite catalyst enabled 3-methylanthranil to decompose to 
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aniline instead of the indoxyl. Therefore, 3-methylanthranil 107 was pyrolysed over 
zeolite CBV 20A-X16 at 500 °C to determine if it would lead to formation of aniline 
26. Pyrolysis gave conversion to oxindole, 1H-indol-2(211)-one 147 in 11% yield 
with 6% starting material remaining as shown in Scheme 72. 
The oxindole was identified from NMR spectra of the pyrolysate. The 'H 
spectrum showed the singlet peak of the CH 2 group at oH 3.50 ppm, a broad singlet 
of the NH group at 0H  8.93 ppm along with an aromatic multiplet at 0H  7.2-6.9 ppm. 
The 13 C spectrum showed the carbonyl peak at 0c  177.80 ppm and two other 
quaternaries at 8c  142.41 and 125.20 ppm. The four aromatic methine carbons gave 
signals at 0c  127.86, 124.41, 122.21 and 109.82 ppm with the CH 2 peak at 
Oc 36.19 ppm corresponding to that in the literature.  67  This result confirms that the 
mechanism of formation of aniline over the high silicon zeolites cannot be via the 
intramolecular intermediate of 3-methylanthranil. If 1-ethyl-2-nitrobenzene 126 was 
to undergo initial dehydration to give 3-methylanthranil 107, it is clear from this 
result that under these catalytic conditions this would then rearrange through to the 
oxindole 147. As this is not the case the aniline must be formed by a different route. 
However, the formation of the oxindole 147 from 3-methylanthranil is a 
particularly interesting result as it is isomeric with the indoxyl 110 produced by FVP 
of 3-methylanthranil without any zeolite catalyst. To investigate this in greater 
detail, the indoxyl 110 was pyrolysed over zeolite CBV 20A-X16 at 500 °C and this 
was found to rearrange to the oxindole 147 in 37% yield. The indoxyl for this 
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pyrolysis was simply obtained from a fresh pyrolysis of 3-methylanthranil 107 at 
700 °C as was found to be the optimum temperature in Section 2.2.1. An estimation 
of the amount of the indoxyl used in the subsequent zeolite catalysed pyrolysis was 
made from the yield calculated in the thermal stability determination (Table 2, 
Section 2.2.1). The rearrangment of the indoxyl 110 to the oxindole 147 is a very 
interesting result and it leads to the conclusion of the mechanism of formation of 
both products from 3-methylanthranil 107 shown in Scheme 73. As mentioned in 
Section 2.2.1, 3-methylanthranil can either undergo electrocyclic ring opening to 
give the nitrene which can insert into the C-H bond of the methyl group to give the 
indoxyl. Alternatively, 3-methylanthranil can undergo homolytic cleavage to give 
the diradical intermediate which can rearrange to give 149 which can cyclise to give 
the indoxyl. However, on the surface of the zeolite CBV 20A-X16 the diradical 149 
is able to rearrange through a resonance stabilised neophyl intermediate 150 to 
change the connectivity and give the diradical 151 which can cyclise to give the 
oxindole 147. This resonance stabilised intermediate is similar to that seen for the 
43 
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As mentioned in Section 2.2.5, pyrolysis of 1-ethyl-2-nitrobenzene over 
sodium CBV 720-X16 powder at 500 °C gave conversion to a small amount of the 
oxindole 147. In light of the rearrangement of the indoxyl to the oxindole, this is a 
very significant result. It means that, to a very small degree, in the pyrolysis over 
sodium CBV 720-X16 powder dehydration of 1-ethyl-2-nitrobenzene 126 to 
3-methylanthranil 107 took place. The 3-methylanthranil then rearranged through to 
the oxindole 147 as shown in Scheme 74. 
2 
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Although it has been shown by the pyrolysis of 3-methylanthranil that it was 
not involved as an intermediate in the formation of aniline from 
1 -ethyl-2-nitrobenzene, there was still a possibility that o-nitrotoluene could follow a 
different mechanism which did involve anthranil. Therefore, various pyrolyses were 
carried out at a lower furnace temperature in order that incomplete reaction may 
result in the intermediate remaining in the pyrolysate. 
Pyrolysis of anthranil 57 was carried out over CBV 5526G at 400 °C to 
determine at what temperatures it could be expected to remain present if it was 
formed during the o-nitrotoluene pyrolyses. Pyrolysis gave a 4% yield of aniline 26 
with 16% recovered unreacted anthranil, as shown in Scheme75. 
For the same reason, anthranilic acid 72 was also pyrolysed over CBV 5526G 
at 400 °C. It was also possible that the aniline was formed by combined 
reduction/oxidation of o-nitrotoluene to give anthranilic acid followed by 
decarboxylation as has been seen in the literature. 18,37  Pyrolysis of anthranilic acid 
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also gave conversion to aniline 26 (7% yield) with the majority of the product 
mixture consisting of unreacted starting material (12%), also shown in Scheme 75. 
Due to the low solubility of anthranilic acid, the NMR spectra were taken in 
[2H6]DMSO. The 'H NMR spectrum showed the four aromatic multiplets of 
anthranilic acid at oH 7.73-7.68, 7.28-7.18, 6.76-6.72 and 6.58-6.45 ppm with the 
aromatic multiplets for aniline at 8H  7.03-6.96, and 6.58-6.45 ppm corresponding to 
data for an authentic sample and that in the literature. 72,73  The ' 3C NMR spectrum 
showed aromatic peaks at 0c  133.61, 131.05, 116.19 and 114.34 ppm with 
quaternary peaks at 8c  169.50, 151.39 and 109.43 ppm corresponding to literature 
data for anthranilic acid; aromatic peaks at 0c  128.68, 115.55 and 113.75 ppm in a 
2:1:2 ratio, with a quaternary peak at 0c  148.43 ppm corresponding to data for an 
authentic sample and that in the literature for aniline. 72,73 
This means that the thermal stability of anthranil 57 and anthranilic acid 72 is 
high enough that if they were formed in pyrolysis of o-nitrotoluene 52 at 400 °C, a 
significant amount would be expected to remain in the pyrolysate. 
Therefore, pyrolysis of o-nitrotoluene was carried out over zeolite 
CBV 5526G at 400 °C and was found to give a 3:1 mixture of unreacted starting 
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material to aniline, as shown in Scheme 75. Thin layer chromatography confirmed 
the absence of anthranilic acid so the pyrolysate was dissolved in [2H]chloroform for 
NMR analysis. Since there was no anthranil or anthranilic acid formed it is clear that 
they cannot be intermediates in the mechanism of formation of aniline from 
o-nitrotoluene. 
2.2.8.1.2 	Reduction/iDealkylation 
With the possibility of the intramolecular intermediate seemingly disproved, 
the separate reduction and dealkylation steps were examined. A series of 
experiments were carried out for this purpose. Initially this involved FVP of the two 
possible intermediates; nitrobenzene which would be formed by initial dealkylation 
and o-toluidine which would be formed by initial reduction of the nitro group in 
o-nitrotoluene. 
FVP of nitrobenzene 4 over zeolite CBV 20A-X1 6 at 500 °C gave no reaction 
with recovery of starting material only with a recovery of 20%. Nitrobenzene was 
identified from its 'H NMR spectrum, which showed a doublet at oH 8.18 ppm (21-1) 
with a coupling constant of 8.7 Hz along with two multiplets from 8H  7.71-7.64 and 
7.55-7.47 ppm. The ' 3 C NMR spectrum showed three aromatic peaks at 0c  134.51, 
129.18 and 123.28 ppm in a ratio of 1:2:2 and a quaternary peak at 0c  147.96 ppm. 
Both spectra were in good agreement with data in the literature. 68 
However, FVP of o-toluidine 76 over zeolite CBV 20A-X16 at 500 °C gave 
recovery of starting material (39%) along with conversion to aniline 26 (12% yield) 
as shown in Scheme 76. This result shows that the dealkylation can occur without 
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Therefore, FVP of nitrobenzene 4 over zeolite Y was carried out at the 
increased temperature of 600 °C and was found to give conversion to aniline 26 (5%) 
and 146 tentatively identified as benzonitrile (3%) along with recovery of starting 
material (5%) also shown in Scheme 76. 
The results of the pyrolyses of nitrobenzene 4 and o-toluidine 76 suggest that 
neither molecule is an intermediate in the mechanism of formation of aniline 26 from 
o-nitrotoluene 52 (or 1 -ethyl-2-nitrobenzene). Nitrobenzene clearly has high thermal 
stability under these conditions as it does not react at 500 °C and requires a higher 
temperature for it to be reduced. Since nitrobenzene is never obtained in the 
pyrolyses of the ortho-nitroaromatics it cannot be formed as an intermediate in those 
reactions as in would remain intact at 500 °C. The reduced o-toluidine was not 
observed in the pyrolysis of o-nitrotoluene over zeolite 20A-X16 with only small 
amounts of reduced products observed in any of the pyrolyses of the 
ortho-nitroaromatics. By the same argument, if o-toluidine was an intermediate in 
the formation of aniline its thermal stability would not result in it dealkylating. 
Chemical activation 74  states that a species generated as a reaction intermediate can 
have higher energy than the compound would in the ground state and therefore may 
be more likely to go on to other reactions. However, this principle would not be 
expected to be seen to this extent where the higher temperature does not result in 
complete reduction of nitrobenzene. 
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2.2.8.1.3 	FVP over Deuteriated Zeolite 
In an attempt to determine the origin of the hydrogen atoms in the aniline 
product, o-nitrotoluene was pyrolysed over a batch of deuteriated zeolite. It was 
hoped that a 2D NMR spectrum would show to which positions of the aniline the 
zeolite donated hydrogen atoms and, therefore which hydrogen atoms originated 
from the starting material. For this a sample of zeolite Y extrudate was left to stir 
gently in 99.9% D 20 overnight. The solvent was then decanted off and the zeolite 
powder left to dry. The zeolite was transferred to the furnace tube and roasted in the 
standard way before pyrolysis. 
As well as pyrolysis Of o-nitrotoluene 52, aniline 26 was also pyrolysed over 
the deuteriated zeolite Y powder to act as a control. The 'H NMR spectrum 
confirmed that as expected pyrolysis of o-nitrotoluene gave recovery of starting 
material as well as conversion to aniline in approximately 1:1 ratio as was obtained 
from pyrolysis over standard zeolite Y. The 'H NMR spectrum also showed that 
pyrolysis of aniline gave recovery of starting material only with 34% recovery. 
However, the distribution of the deuterium in all of the products was unexpected. 
The 2H NMR spectra showed that in both the aniline product and the aniline 
recovered from the control, statistical incorporation of the deuterium was observed 
on the aromatic ring. Peaks were observed for the ortho, meta and para protons in a 
2:2:1 ratio, with the spectra shown in Figure 8. The mass spectra of the pyrolysates 
showed that in both cases the deuterium exchange was incomplete with the major 
peaks at m/z 93, 94 and 95 corresponding to M M+1 and M+2 with much smaller 
peaks up to M+5. 75 
The 2H NMR spectrum for the o-nitrotoluene 52 reaction showed that 
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unreacted starting material had no deuterium incorporation at all with no peaks 
corresponding to o-nitrotoluene. The mass spectrum of the pyrolysate confirmed this 
with a m/z peak at 137 corresponding to undeuteriated o-nitrotoluene. 76 The 
exchange of deuterium for hydrogen is essentially an electrophilic substitution and 
would be expected to follow the normal pattern for electrophilic aromatic 
substitution. 77  For the aniline control, this would give preferential substitution at the 
ortho and para position due to the electron donating effect of the amino group. This 
is not the case and instead statistical incorporation of deuterium was observed for the 
aniline control. Alongside this, unreacted starting material was recovered with no 
deuterium incorporation whatsoever which shows that unreacted o-nitrotoluene and 
unreacted aniline, from the control, are interacting in a very different manner with 
the catalysts. 
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Figure 8: Deuterium spectrum of product mixture from o-nitrotoluene pyrolysis. 
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2.2.8.1.4 	FVP of meta and para-compounds 
It is clear from the exchange of deuterium from the deuteriated zeolite 
experiments that there are complex interactions taking place between these solid 
catalysts and the subtrates. These interactions were examined further with pyrolyses 
of meta and para substituted compounds. 
The complexity of these interactions was highlighted with pyrolysis of 
m-toluidine 152 over zeolite Y at 500°C. Electrophilic aromatic substitution of 
m-toluidine with H at the methyl group position would lead to the intermediate 153 
where the positive charge cannot be stabilised by the amino group by resonance. 
This would be expected to result in substitution not occuring at this position and 
therefore the dealkylation not taking place. However, pyrolysis of m-toluidine over 
zeolite Y gave recovery of unreacted starting material and aniline in approximately 
equal amounts as shown in Scheme 78. The substitution of the methyl group by 
hydrogen is more favoured in m-toluidine than it is in o-toluidine. The substitution 
in o-toluidine should be favoured since the intermediate 154 would be more stable 
since the positive charge is stabilised by the amino group. This result shows that this 
process is not simply an electrophilic aromatic substitution. 
The pyrolyses of o-toluidine 76 and nitrobenzene 4 have shown that the 
reduction can occur without the methyl group and also that the dealkylation can 
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occur without the nitro group. However, both processes are significantly favoured in 
the presence of the other group. With the three obvious routes in the formation of 
aniline seemingly discounted, the other isomers of nitrotoluene were pyrolysed over 
both samples of zeolite Y and alumina. The results of the pyrolyses of 
m-nitrotoluene 43 and p-nitrotoluene 37 are shown in Tables 10 and 11 respectively 
and in Scheme 79. 
Pyrolysis of m-nitrotoluene 43 over zeolite CBV 780-X16 at 500 °C was 
found to give recovery of starting material only. Pyrolysis over alumina supported 
CaO and MgO was found to give conversion to aniline 26 and m-toluidine 139 along 
with recovery of starting material in varying amounts. Pyrolysis over alumina 
supported KF gave conversion to aniline and m-toluidine as well as formation of 
toluene 38. 
Pyrolysis of p-nitrotoluene 37 over the doped alumina catalysts mirrored the 
results seen for m-nitrotoluene with conversion to aniline 26 and p-toluidine 48 with 
recovery of starting material. In the case of pyrolysis over zeolite CBV780-X16 
reaction was seen with recovery of aniline in 3% yield, and pyrolysis over 
KF/alumina gave toluene 38. 
The results of the m- and p-nitrotoluene pyrolyses show that there is 
CH3 	 CH3 	 CH3 
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+aZ:~II NH2 NO2 	 NO2 NH2  
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Table 10: Products of rn-nitrotoluene pyrolyses. 
Catalyst Furnace 
Temp./°C 
Percentage yield of products 
Unreacted 	m-Toluidine 	Aniline 	Toluene 
CBV78O-X16 500 34 - - - 
KF alumina 400 - 16 7 5 
CaO alumina 400 - 17 6 - 
MgO Alumina 400 - 15 6 - 
Table 11: Products ofp-nitrotoluene pyrolyses. 
Catalyst Furnace 
Temp./°C 
Percentage yield of products 
Unreacted 	p-Toluidine 	Aniline 
CBV78O-X16 500 16 - 3 
Y 600 - - 13 
KFalumina 400 3 17 11 
CaO alumina 400 - 12 10 
MgO Alumina 400 - 13 10 
definitely no intramolecular interaction between the alkyl and nitro groups in the 
formation of aniline since all of the isomers of nitrotoluene can be converted to 
aniline by these catalysts. 
The reason for no reaction occurring with m-nitrotoluene over zeolite 
CBV780-X16 may be due to the steric bulk of the meta substituents. As discussed in 
Section 2.2.5, the reactivity observed over the high silicon zeolites may be the result 
of either surface reactions or of penetration into the internal pore system. However, 
the molecular diameter of m-nitrotoluene is similar to the pore aperture size and may 
prevent its passage into the pore system which prevents it from reacting. This result 
suggests that in the pyrolyses over these large pore zeolites the sites active for 
catalysing these processes are more likely to be within the pore system and that 
surface effects are not involved as they are in pyrolyses over zeolite A. 
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2.2.8.1.5 	Co-pyrolyses 
It was proposed from the above results of the pyrolyses of meta and 
para-nitrotoluene that there was an intermolecular process occurring which was 
resulting in the combined reduction and dealkylation to give aniline. It was thought 
that the substrates may be interacting with the catalyst surface in such a manner as to 
enable both processes to take place. To examine this possibility a number of 
co-pyrolyses were performed. These reactions were carried out by placing two 
substrates in separate tubes within the FVP inlet tube to react them together. This 
was intended to determine if one substrate could influence the reactivity of the other. 
For this purpose o-nitrotoluene was to be co-pyrolysed with another unreactive nitro 
compound to establish if the normally unreactive nitro compound could be reduced. 
A suitable substrate had to be selected which would lead to recovery of starting 
material when pyrolysed alone over the catalyst but which also had a very similar 
volatility to o-nitrotoluene so that they would enter the furnace tube and pass over 
the catalyst together. 1-Fluoro-2-nitrobenzene 155 was chosen for the co-pyrolyses 
since it not only pyrolysed at similar inlet temperatures to o-nitrotoluene but it gave 
recovery of starting material only in 32% yield when pyrolysed over alumina at 
400 °C. Co-pyrolysis of equimolar amounts of o-nitrotoluene 52 and 
1-fluoro-2-nitrobenzene 155 over alumina at 400 °C did as desired lead to both 
substrates volatilising and passing through the furnace tube at the same time and with 
similar rates. 1 H and ' 3 C NMR spectra of the crude pyrolysate from alumina showed 
they contained only aniline 26 in 37% yield based on the total mass of both 
substrates as shown in Scheme 80. If aniline 26 product is derived from both 
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of the methyl and fluoro functional groups. The yield of aniline obtained in the 
co-pyrolysis is higher than the 31% yield of aniline 26 obtained from pyrolysis of 
o-nitrotoluene 52 alone over alumina. However, the yield is not significantly higher 
and there was a possibility that in the co-pyrolysis the aniline was formed only from 
o-nitrotoluene and that the 1 -fluoro-2-nitrobenzene was somehow lost. 
Similarly co-pyrolysis of m-nitrotoluene 43 was also carried out over alumina 
at 400 °C along with 1-chloro-2-nitrobenzene 156 which was found to have a similar 
volatility. 1 -Chloro-2-nitrobenzene 156 was also unreactive when pyrolysed over 
alumina at 400 °C alone giving recovery of unreacted starting material in 33% yield. 
However, when co-pyrolysed with m-nitrotoluene 43, the only product was aniline 
26 in 33% yield based on the total mass of both substrates used, as shown in Scheme 
Cl 	
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Scheme 81 
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From these results it was proposed that the dealkylation was promoted by the 
presence of the nitro group and the protons from the alkyl group then activated the 
catalyst surface for the reduction of the nitro group. However, there remained a 
doubt that the aniline produced in the co-pyrolyses was derived from both the 
nitrotoluenes and the substituted nitrobenzenes, or if it was being formed from the 
nitrotoluenes alone. 
Following this, a co-pyrolysis was carried out where the two substrates 
passed through the furnace tube separately, i.e. o-nitrotoluene pyrolysed followed 
subsequently by 1-fluoro-2-nitrobenzene over alumina at 400 °C. For this an inlet 
tube had to be designed to enable the subtrates to be kept separate but did not require 
the apparatus to be opened to air for the insertion of the second substrate. The inlet, 
shown in Figure 11, was designed so that the first substrate to be pyrolysed was 
placed in the main Section of the inlet (a) and the second substance in the flask 
attached to the side arm (b). The inlet was then heated to volatilise the o-nitrotoluene 
52 with the tap on the side arm closed. To avoid condensation of the o-nitrotoluene, 
the side arm and neck of the inlet required gentle heating with a hot air gun. On 
volatilisation of o-nitrotoluene products were seen to condense at the top of the 
product collection tube (Figure 1, Section 2.2). After all the o-nitrotoluene had 
passed through the furnace the side arm was slowly opened and the flask heated to 
Figure 11: Inlet tube for sequential copyrolysis. 
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volatilise the 1-fluoro-2-nitrobenzene 155. Further condensation of products was 
seen during the volatilisation of 155 confirming that 155 was involved in the 
formation of products. The products were collected together and 'H and ' 3C NMR 
showed that the only product from the reaction was aniline 26 in 33% yield as shown 
in Scheme 82. This means that the o-nitrotoluene is firstly dealkylated and the nitro 
group reduced before 1-fluoro-2-nitrobenzene loses its fluorine and its nitro group 
also reduced. Therefore, the o-nitrotoluene is activating the catalyst surface for the 
reduction of the nitro group. The stoichiometry of this reaction does not balance 
however; o-nitrotoluene and 1 -fluoro-2-nitrobenzene contain eleven hydrogen atoms 
whereas two molecules of the aniline product would contain fourteen hydrogens 
atoms. This balance is evident in the overall yield of aniline obtained of 33%. The 
catalyst sample after pyrolyses was generally significantly blackened. This is taken 
to be evidence of decomposition of the substrates on the catalyst surface. 
dull::102 FVP-1 a NH2 
52 FVP-2 	 26 
Scheme 82 	 'NO2 
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This result supports the proposal that the dealkylation activates the catalyst 
surface for the reduction of the nitro group. These substrates are interacting with the 
catalyst surface in a complex manner resulting in these two processes occurring 
together. This mechanism is supported by the lack of any products obtained with the 
nitro group still intact i.e. if the dealkylation occurs the catalyst surface is activated 
to perform the reduction. This mechanism is also supported by the formation of 
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products where only the nitro groups have been reduced in a few pyrolyses. It is 
possible for the substrates to be reduced by contact with the catalyst which has 
already been activated by interaction with other substrate molecules. The pyrolyses 
of o-toluidine and nitrobenzene also support this mechanism. Nitrobenzene pyrolysis 
over zeolite CBV 20A-X16 at 500 °C gave no reaction with only recovery of starting 
material, whereas pyrolysis of o-toluidine over zeolite CBV 20A-X16 at 500 °C gave 
formation of a small amount of aniline. The pyrolysis of nitrobenzene over zeolite Y 
at 600 °C gave conversion to aniline presumably because the increased temperature 
also activates the catalyst for the reduction. 
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2.2.8.2 Indole 
The formation of the indole, one of the major products from the pyrolyses of 
1-ethyl-2-nitrobenzene over zeolite A and Y, alumina and silica, was investigated 
with control pyrolyses of possible intermediates in its formation. The overall 
reaction involves attack of the nitrogen at an inactivated methyl group and there were 
several proposed mechanisms by which this could occur. Zeolite 3A at 500 °C was 
chosen for the investigation of the mechanism of formation of indole since it would 
eliminate the involvement of aniline which was not formed in this reaction. 
Firstly, it was thought that the mechanism of formation of indole might have 
involved indoline as an intermediate. This mechanism would involve initial 
deoxygenation to the nitrene followed by cyclisation (Scheme 83) by insertion of the 
nitrene in the C-H bond. The deoxygenation of aromatic nitro compounds by 
tervalent phosphorus reagents has been shown to give nitrenes which preferentially 
cyclise by insertion into C-H bonds to give five-membered rings. 78 In an attempt to 
establish if this was the mechanism, indoline was pyrolysed over zeolite 3A at 
500 °C. This gave a very clean spectrum which was a mixture of indoline 158 and 
indole 142 in approximately 1:1 ratio. Indoline was identified from the 'H and 13C 
NMR spectra of the crude pyrolysate which corresponded to that in the literature. 68 
The 'H NMR spectrum showed doublet peaks at 5H  6.84, 6.74 3.58 and 3.09 ppm all 
with coupling constant of 8.0Hz and a broad singlet at oH 3.43 ppm. The ' 3C NMR 
spectrum showed four aromatic peaks at 0c  127.16, 124.59, 118.80 and 109.59 ppm, 
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with CH2 peaks at 5c 47.16 and 29.71 ppm and two quaternary peaks at 8 c 151.27 
and 129.37 ppm. Indole was identified from the same data as listed in Section 2.2.7. 
Since there was a considerable amount of indoline remaining, and no trace of 
indoline was seen in any of the pyrolysates from 1-ethyl-2-nitrobenzene, it is clear 
that indoline is in fact unlikely to be an intermediate for the formation of indole. 
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Scheme 84 
An alternative mechanism of formation of indole 142 involves initial 
dehydration to 3-methylanthranil 107 via 159 (Scheme 84). The N-O bond in 
3-methylanthranil could then cleave to give the diradical 160 which is in equilibrium 
with 161. Ring closing of 161 would give 162 which could rearrange with loss of 
OH to give indole. Although it was established in Section 2.2.1 that pyrolysis of 
3-methylanthranil 107 at higher temperatures gave conversion to 
1H-indol-3(21])-one 110; and in Section 2.2.8.1 that pyrolysis of 107 over zeolite 
CBV 20A-X16 gives oxindole 147; there was a possibility that zeolite A could 
catalyse the reaction of 3-methylanthranil to indole. Therefore in an attempt to 
establish if this was the case, 3-methylanthranil was pyrolysed over zeolite 3A. 
Initially this was carried out at 500 °C and then 400 °C, but these experiments were 
found, by 'H NMR spectra, to give complex product mixtures. The pyrolysis was 
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then repeated at 300 °C and this was found to produce o-aminoacetophenone 109 
with a trace of 3-methylanthranil 107 remaining. No trace of indole 142 was 
observed, ruling out 3-methylanthranil as a possible intermediate in the mechanism 
of formation of indole. Identification of o-aminoacetophenone came from NIMR 
spectra of the crude pyrolysate which corresponded to that in the literature.  68  The 'H 
NMR spectrum gave aromatic multiplets at 8H  7.69-7.65, 7.26-7.19 and 6.64-6.57 
ppm with a methyl peak at 5H  2.53 ppm. The ' 3C NMR spectrum showed four 
aromatic peaks at 8c 134.29, 131.92, 117.10 and 115.62 ppm with a methyl peak at 
6c 27.75 ppm and two quaternary peaks at 8c  200.69, 150.15 and 118.07 ppm. The 
mechanism of formation of o-aminoacetophenone from 3-methylanthranil can be 
explained by cleavage of the N-O bond followed by hydrogen abstraction. However, 
this result shows that FVP over the zeolite catalyst led to different reactivity for 
3-methylanthranil than in the non-catalysed FVP. 
Two other possible mechanisms for indole formation have been proposed 
although there seems no easy method of determining which process is occuring. The 
first mechanism shown in Scheme 85 involves 1-hydroxyindole 164 as an 
intermediate. The initial attack of the oxygen at an unactivated carbon to give 165 is 
Scheme 85 
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perhaps unlikely, but following that step the mechanism is straightforward. 
Dehydration of 165 would give 166 which could undergo hydrogen transfer to give 
164. Cleavage of the weak N-O bond in 164 would give the radical 167 which could 
abstract a hydrogen to give indole. 
The other mechanism which seems the much more likely route to indole 
involves two sigmatropic shifts to give 169 as an intermediate, Scheme 86. 
Homolytic cleavage of one of the weak N-O bonds in 169 would give the nitrogen 
based radical 170 which could then cyclise to 171. Loss of the other OH radical 
would give the tautomer of indole 172 which could then rearrange. This mechanism 
has a degree of precedent in the literature where indole has been shown to be formed 
from reaction of ortho-vinyl nitrogen containing compounds with transition metal 
catalysis. 79 
+", 	 cc',01 	 OH 
126 	 168 	 169 OH 	 170 OH 
Scheme 86 
0::N~ 0* 
142 	H 172 171 OH 
110 
2.2.8.3 Toluene/Ethylbenzene 
Loss of the nitro group to give toluene or ethylbenzene was the main reaction 
from the pyrolyses of o-nitrotoluene and 1-ethyl-2-nitrobenzene over zeolite 13X. 
Toluene and ethylbenzene were also significant products in the pyrolyses over 
alumina supported K.F. The mechanism of the conversion to toluene is presumably 
by initial homolytic cleavage of the aryl-nitrogen bond in o-nitrotoluene followed by 
hydrogen abstraction by the resultant aryl radical, Scheme 87. Similarily homolytic 
cleavage of the aryl-nitrogen bond in 1-ethyl-2-nitrobenzene was the mechanism of 
formation of ethylbenzene. This homolysis has been shown to be the major reaction 
channel in pyrolyses of aromatic nitro compounds in various conditions. 6,9,11 
However, in previous pyrolyses this homolysis has competed with nitro to nitrite 
rearrangement and intramolecular reactions which are not seen here. 
(XNO2 
52 	 54 	 38 
Scheme 87 
To investigate this denitration more fully the other isomers of nitrotoluene 
were also pyrolysed over zeolite 13X. Pyrolysis of m-nitrotoluene 43 over zeolite 
13X at 500 °C gave recovery of 7% starting material along with conversion to 
toluene 38 in 8% yield, Scheme 81. Pyrolysis of p-nitrotoluene 37 over zeolite 13X 
at 500 °C gave recovery of 12% starting material along with trace of toluene 38 also 
shown in Scheme 88. 
Identification of the products came from 'H and ' 3C NMR. Toluene was 
again identified from the methyl peak at 6H  2.3 ppm in the 'H NMR spectrum along 
























three aromatic peaks in a 2:2:1 ratio at 5c 129.0, 128.1 and 125.2 with a methyl peak 
at 8c 21.37 ppm corresponding to that of the literature. 68  m-Nitrotoluene was 
identified from the methyl group at 6H  2.48 ppm and aromatic multiplets at 8H 
8.06-8.02 and 7.52-7.38 ppm. The ' 3 C NMR spectrum also showed four aromatic 
peaks at 6c 135.26, 128.96, 123.76 and 120.58 ppm, with two quaternary peaks at 8 c  
148.15 and 139.70 ppm and a methyl peak at öc 21.13 ppm corresponding to that of 
the literature. 68  p-Nitrotoluene was identified from the methyl group at 8H  2.45 ppm 
and two aromatic doublets at 8H  8.09 and 7.30 ppm with coupling constants of 8.6Hz. 
The ' 3 C NMR spectrum also showed two aromatic peaks at öc 129.72 and 123.42 
ppm, with two quaternary peaks at öc  146.05 and 145.91 ppm and a methyl peak at 
c 21.52 ppm corresponding to that of the literature. 68 
The denitration of the other isomers of nitrotoluene supports the mechanism 
of formation of toluene as being by homolytic cleavage of the aryl-nitrogen bond. 
This means that in FVP over zeolite 13X there appears to be no intramolecular 
interaction between the nitro and the alkyl groups. 
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2.2.8.4 Minor Products 
The two remaining minor products observed in the products of numerous 
pyrolyses of 1-ethyl-2-nitrobenzene 126 are styrene 141 and 2-vinylaniline 143. It 
was possible that these products were being formed from indole, one of the major 
products of the 1-ethyl-2-nitrobenzene pyrolyses. Therefore, pyrolysis of indole was 
carried out over zeolite 3A at 500 °C to determine if 141 or 143 were formed. 
Pyrolysis was found to give a very clean NMR spectrum of indole and as such indole 
can be eliminated as an intermediate towards the formation of styrene or 
2-vinylaniline. 
The formation of styrene involves the loss of the nitro group and 
dehydrogenation of the ethyl group. In order to determine the possible involvement 
of the nitro group in the dehydrogenation, ethylbenzene 140 was pyrolysed at 500 °C 
over zeolite 13X. Zeolite 13X was chosen for this control experiment since it gave 
the highest conversion to styrene. If it were an intermediate in the formation of 
styrene 141 from 1-ethyl-2-nitrobenzene 126, ethylbenzene would also 
dehydrogenate. However pyrolysis of ethylbenzene gave recovery of 63% starting 
material and only a trace of styrene. 






Identification of ethylbenzene came from the 111  NMR spectrum the ethyl 
group with a quartet at oH 2.74 and a triplet at 0H  1.33 ppm both with coupling 
constant of 7.6 Hz, there was also an aromatic multiplet at 014  7.38-7.28 ppm. The 
' 3C NMR spectrum also showed three aromatic peaks at Oc  128.18, 127.72 and 
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125.45 ppm in 2:2:1 ratio, a quaternary peak at 8 c 144.10 ppm, a methylene peak at 
c 28.76 ppm and a methyl peak at öc 15.51 ppm. Styrene was identified from the 
doublet peaks at 8H  5.75 ppm with coupling constant of 18 Hz and at 6H  5.24 ppm 
with coupling constant of 11 Hz. 
From this result it is clear that ethylbenzene 140 is unlikely to be an 
intermediate in the formation of styrene since the such a small amount of styrene was 
obtained. The pyrolysis of 1-ethyl-2-nitrobenzene over zeolite 13X gave 13% yield 
of ethylbenzene and a 4% yield of styrene. If ethylbenzene was being converted to 
styrene it would be expected to convert to a much greater degree in this control, and, 
therefore, the majority of the styrene must be formed by another route. Therefore, it 
can be assumed from this that the nitro group must be involved in the 
dehydrogenation of the ethyl group. 
The involvement of the nitro group in the mechanism of formation of styrene 
is supported by the mechanism of formation of indole proposed in Section 2.2.8.2, 
Scheme 86. This mechanism shows 169 as an intermediate in the formation of 
indole 142. 169 could also undergo homolytic cleavage of the C-N bond to give the 
aryl radical 173 which could abstract hydrogen to give styrene 141, Scheme 90 (b). 
The same mechanism could also explain the mechanism of formation of the 
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other minor product, 2-vinylaniline 143 which could be formed via the intermediate 
169. Dehydration of 169 to give the nitroso compound 174 which could be reduced 
to the amino group to give 2-vinylaniline 143 also shown in Scheme 90 (c). 
The possible involvement of 169 as an intermediate to styrene and 
2-vinylaniline further supports the mechanism shown in Scheme 86 as being the 
route to indole. This would suggest that 169 is a key intermediate in the reaction of 
1-ethyl-2-nitrobenzene and that its decomposition pathways, to indole, styrene or 
2-vinylaniline are influenced by the specific catalyst used. 
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2.3 	Flow pyrolysis 
Flow pyrolysis is a potentially useful method for this work as it is possible 
that a reactive carrier gas such as ammonia may be able to react with reaction 
intermediates. As discussed in Section 2.2.1 anthranil 57 or other intermediates such 
as the iminoketene 63 may react to give anthranilamide 74 or anthranilonitrile 75 
(Scheme 47). If o-nitrotoluene 52 were to dehydrate to anthranil it is possible that 
these intermediates could react with ammonia to give 74 or 75. 
The apparatus for flow pyrolysis is shown in Figure 12. A detailed view 
of the injection point at the top of the furnace is shown in Scheme 13. The 
compound to be pyrolysed is placed in a syringe and is injected through a rubber 
septum at the top of the furnace. The point of the syringe needle is positioned just 
below a plug of silica wool at the top of the furnace tube to prevent the substrate 
Injection point 
Furnace tube 
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Figure 13: Injection point for vertical furnace. 
from refluxing in the furnace tube and ensure that it passes through the furnace. The 
injection point of the substrate is removed from the direct heat of the furnace by use 
of a glass spacer (15 cm x 2.5 cm) and an insulating disc placed over the top of the 
furnace. The substrate is added into the furnace at a rate controlled by a syringe 
pump. The substrate then flows through the furnace tube, which is silica (100 cm x 
2.5 cm), under carrier gas flow, the rate of which is controlled by a needle valve. 
The ammonia carrier gas was injected at various points within the furnace (1, 2, 3 
and 4). The furnace is maintained at the desired temperature by a control unit. 
In flow pyrolysis, the products exiting the furnace consisted of a mist of hot 
gases. The system of traps used to collect the products was designed to help 
condense these gases. The primary trap, shown in Figure 14, collected most of the 
products and it was designed so that the material exiting the furnace is slowly cooled 
117 
by the gases surrounding the centre pipe which are only slightly cooler. The rest of 
the product gases were collected in a series of cooled traps consisting of an air 
condenser, a double surface water condenser, ice-cooled Dreschel trap followed by 
bubbling through iced water. The traps, other than the primary trap, were loosely 
packed with glass wool to assist the breakdown of mists which develop in a hot gas 
stream. 
Figure 14: Primary flow pyrolysis trap. 
2.3.1 Thermal properties of furnace 
The three-zone furnace was a new piece of apparatus which has recently been 
obtained and as such no previous work has been performed with it in the group. 
Since the furnace has a larger heated zone than the previous vertical furnace and also 
since there is independent temperature control of the three separate zones, its design 
should enable better control over the flow pyrolysis process. 
Before experiments could be carried out on the three-zone furnace it was first 
necessary to examine the thermal effects within the furnace. This was required in 
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order to learn about the level of control we have over the temperature within the 
separate furnace zones. A Digital Thermometer 3000 thermocouple probe was 
inserted into the top of the furnace tube through the rubber septum and used to 
measure the temperature in the furnace. All of these tests were performed with an 
empty furnace tube and initially the trapping system shown in Figure 12 was 
removed and the furnace sealed at the bottom with a quickfit stopper. A disposable 
syringe needle was used to pierce the rubber septum to avoid a pressure build up on 
heating the furnace In tests performed with gas flow the traps were in place with 
nitrogen gas injected through the rubber septum. The readings from individual 
measurements are detailed in the appendix but are displayed here in graphs. 
Figure 15 shows how heat is conducted up through the furnace when only the 
bottom zone of the furnace is heated, to 200 °C and 400 °C. A sizeable proportion of 
the heat rises to the upper two zones, it is clear, however, that there are definite steps 
in the temperatures of each zone and there is, therefore, reasonable insulation 
between the zones. The temperature control would also seem to be located as would 
be expected in the centre of each zone, since the temperature drops off very sharply 
in the bottom ten centimetres of the furnace. The variation in temperature 
throughout the bottom zone is caused by fluctuation of the temperature within the 
zone as the furnace tries to maintain the desired temperature. This was a constant 
fluctuation over time and was seen to diminish with increasing temperature. 
Figure 16 shows how the heat is distributed when only the middle zone is 
heated to 400 °C. As in Figure 15, a substantial amount of the heat rises to the make 
the top zone temperature just over 200 °C. Heat can also be seen to transmit down 
into the bottom zone but to a much lesser extent. Figure 16 also demonstrates the 
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Figure 15: Temperature profile for bottom zone only 
heated to 200 and 400 °C. 
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Figure 16: Temperature profile for middle zone only 
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Figure 17: Temperature profile for middle zone 400 °C 
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Figure 18: Temperature profile for middle zone 400 °C 
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Figure 19: Temperature profile for middle zone 400 °C 
with and without gas flow. 
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Figure 20: Temperature over time for centre of top zone 
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Figure 21: Temperature over time for centre of top zone with 
middle zone 400 °C, with and without top zone 200 °C. 
effect of the insulating ring which is placed at top of the furnace, shown in Figure 13. 
When the disc is present the heat produced in the middle zone is contained to a 
greater degree within the furnace which results in a slight elevation of the 
temperature in the bottom zone. 
Figure 17 shows the profiles obtained when the middle zone is heated to 
400 °C, with and without the top zone heated to 200 °C. As was shown in Figure 16, 
the temperature of the top zone of the furnace rises to slightly over 200 °C when only 
the middle zone is heated to 400 °C. It can be seen that setting the top zone 
temperature to 200 °C has very little effect on the temperature profile. The furnace 
does not significantly increase the temperature of the top zone above that caused by 
heat rising from the middle zone. 
Figure 18 shows the effect of heating the bottom zone on the temperature 
within the rest of the furnace, when the central zone is heated. The bottom zone is 
maintained at around 200 °C with a sharp drop off again evident in the bottom ten 
centimetres of the furnace. Heat rising from the bottom zone also results in only a 
very small increase in the top zone temperature. 
Figure 19 shows the temperature profile with the middle zone only heated to 
400 °C but also with nitrogen gas passing through the furnace tube at a rate of 
300 cm3 min 1 , a typical rate for the experiments to be carried out. It can be seen that 
the introduction of the gas flow has very little effect on the temperature in the 
furnace. 
Figure 20 shows how the top zone of the furnace heats up with time when 
only the middle zone is heated to 400 °C. This was performed with the 
thermocouple probe positioned in the centre of the top zone and time zero was 
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designated as the time the middle zone reached 400 °C. This was necessary in order 
to know what length of time it takes for the temperature within the zones of the 
furnace to reach equilibrium. It can be seen from the graph that it takes around two 
hours for the temperature rise to become steady; after this the temperature rises by 
about 10%. It can also be seen that the gas flow slightly increases the length of time 
that this takes, although as was seen in Figure 19, this eventually balances out. 
Finally, Figure 21 shows that the length of time it takes for the temperature in 
the top zone to equilibrate can be significantly reduced by setting the furnace to heat 
this zone. In each case the middle zone temperature was 400 °C, but with the top 
zone set to heat to 200 °C, the temperature of the centre of the top zone is reasonably 
stable within forty minutes. 
123 
2.3.2 Intermolecular trapping 
The purpose of this work was to examine the catalysed flow pyrolysis of 
o-nitrotoluene to investigate the possible involvment of an anthranil intermediate in 
its pyrolysis. If the reaction of o-nitrotoluene did proceed via the anthranil 
intermediate, flow pyrolysis would be expected to promote intermolecular reactions 
of nucleophiles with the anthranil to give other products. Flow pyrolysis of anthranil 
57 in ammonia is known to give anthranilamide 74 and anthranilotrile 75 in a 
combined yield of 30% as shown in Scheme 9 1.36,37  Initial attack of the nucleophile 
at the carbon at position 3 gives anthranilamide 74 which then dehydrates to give 
anthranilonitrile 75. 




The work presented here was concerned with variation of the reaction 
conditions to optimise the intermolecular trapping of intermediates within the 
three-zone furnace. Following this, catalysed pyrolysis of o-nitrotoluene was carried 
out to investigate the possibilities of intramolecular reactions taking place. In 
particular the formation of anthranilonitrile was looked for as evidence of the initial 
intramolecular dehydration to anthranil. 
It was decided that the three zones have distinct purposes for the reaction. 
The top zone was used as a pre-heater in order to volatilise the substrate; the middle 
zone was the reaction zone which would have the highest temperature and would 
contain the packing material; and the bottom zone would be designed to reduce the 
temperature of the gases slightly before they reached the trapping system to assist in 
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the condensation of the mists. Packing within the middle zone was used to increase 
the contact time in the reaction zone; both inert and catalytic packing has been used. 
Inert packing of porcelain saddles was used in initial optimisation work and 
following this o-nitrotoluene was pyrolysed with zeolite Y packing in the centre of 
the furnace. 
Flow pyrolysis reactions often lead to collection of a mixture of products 
from the traps. The identification of the components of these product mixtures was 
effected by a combination of proton and carbon NMR spectra of the crude 
pyrolysates. In cases where there was considerable overlapping peaks in the 'H 
NMR spectra, 1 3  C NMR spectra were used for the quantification of the components 
of the mixtures. This can be done with a two component mixture by comparing the 
peak heights against those of an accurately prepared 1:1 mixture of those two 
components. The ratio of the intensity of a peak from one product versus the 
intensity of a peak from the other product was normalised against the same ratio 
from the 1:1 mixture. This process was repeated for each peak in the products and 
the mean value taken as the molar ratio of the products. The details of the 
assignments for each of the products are discussed in Section 2.3.4 along with an 
example of the ' 3C NMR method for quantification of products. 
Initially flow pyrolysis of methylanthranilate 73 was carried out to determine 
the optimum conditions for the three-zone furnace to be operated. Flow pyrolysis of 
methylanthranilate 73 is known to lead to loss of methanol to give the iminoketene 
intermediate 63 shown in Scheme 92. This intermediate can either react with an 
intermolecular reagent such as ammonia to give anthranilamide 74 which dehydrates 
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can abstract hydrogen to give aniline 26.27,37  Methylanthranilate is a useful system to 
use for this study since it is known to react in a similar way to anthranil 57 which is 
also thought to break down via the iminoketene intermediate. Methylanthranilate is 
more stable than anthranil and was, therefore, used in the initial optimisation work. 
Firstly, flow pyrolysis of methylanthranilate was carried out to determine at 
what temperature reaction would occur. The following reactions were carried out 
with nitrogen flow gas (200 cm  min) injected at top of furnace and ammonia 
trapping gas (100 cm  min) injected at bottom of the middle reaction zone. The 
centre zone was also packed with porcelain saddles, held in place at the top and 
bottom by a silica wool plug. Pyrolysis of methylanthranilate 73 with the middle 
zone of the furnace heated to at 400 °C gave recovery of methylanthranilate only. It 
was also found that the temperature in the bottom zone had to be 300 °C or higher to 
avoid condensation of products within the furnace tube. As discussed in Section 
2.3.1 the temperature at the bottom of the bottom zone decreases rapidly and when 
this zone was not heated or set at 300 °C, methylanthranilate was found to condense 
in the furnace tube. Pyrolysis of methylanthranilate 73 with the middle zone at 600 
°C and the bottom zone at 300 °C gave reaction with isolation of aniline 26 in 34% 
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yield with no starting material remaining. This shows that the temperature for 
complete reaction needs to be 600 °C and all subsequent reactions are carried out 
with the middle zone at this temperature. For subsequent reactions the top and 
bottom zones were also set to 400 °C to ensure no condensation of products within 
the furnace tube. 
Since the product obtained was aniline it shows that injecting the ammonia 
trapping gas at the bottom of the middle zone is not effective in the intermolecular 
trapping of the intermediate. Variation of the point of injection of the ammonia 
trapping gas was therefore carried out to determine where it was most useful. 
Ammonia was injected at the top of the furnace alongside the nitrogen, as well as at 
the top, middle and bottom of the bottom zone (see Figure 12, positions 1, 2, 3 and 4 
respectively). We have already seen that when ammonia is injected at the bottom of 
the middle zone it is ineffective as an intermolecular trapping reagent. The three 
other points of injection of ammonia examined all showed conversion to aniline and 
anthranilonitnle as shown in Scheme 93 and Table 12. 
[ZIIICH 	+ 	
CN 
N H 2 	OCNH2 
73 F.I 	 26 	 75 
Scheme 93 
Table 12: Yields of products when varying ammonia injection point. 
Position of ammonia injection 
Percentage yield of products 
Anthranilonitrile 	 Aniline 
Bottom of middle zone (4) 0 34 
Centre of middle zone (3) 25 24 
Top of middle zone (2) 55 21 
Top of top zone (1) 63 22 
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When ammonia was injected at the top of the middle zone and at the top of 
the furnace the results are quite similar; mainly anthranilonitrile 75 with a lesser 
amount of aniline 26 were formed. The fact that the conversion to anthranilonitrile 
75 is lower when the ammonia is injected at the top of the middle zone suggests that 
some reaction may be taking place within the top zone. As there would be no 
ammonia present within the top zone, any reaction occurring here would result in 
conversion to aniline 26. Pyrolysis with the ammonia injected in the centre of the 
furnace gives a significantly lower conversion to anthranilonitrile 75. From these 
results it is clear that it is most effective to inject the trapping reagent at the top of the 
furnace alongside the nitrogen carrier gas and all further reactions are carried out 
with ammonia injected there. 
Variation of the molar amount of ammonia to methylanthranilate 73 was also 
examined. This was done by varying the flow rate of the ammonia whilst keeping 
other variables constant. However, to ensure a constant contact time within the 
furnace tube, the overall gas flow of nitrogen and ammonia together had to remain 
constant for these reactions. The total gas flow was kept at 300 cm  min' with the 
ammonia varied from 50 cm  min- ' to 300 cm  min- '. The results from these 
reactions are shown in Table 13 and Figure 22. The same set of reactions was 
carried out with anthranil as the substrate; the results of which are shown in Table 14 
and Figure 23. Note that the nitrogen flow rate could not be set at 50 cm  min - ' since 
there was not a graduation mark on the flowmeter; for ammonia this was not a 
problem as the correction for its mass (described in Section 3.3) allowed it to be set 
at 80 cm  min' which gives an effective flow rate of 50 cm  min - '. 
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Table 13: Product yields from methylanthranilate with varying ammonia concentration. 
Ammonia flow rate 
I cm  min t 
Nitrogen flow rate 
/ cm  mind 
Percentage yield of products 
Anthranilonitrile 	Aniline 
0 300 0 34 
50 250 60 24 
100 200 63 22 
200 100 69 16 
250 60 67 14 
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Figure 22: Percentage yields against ammonia concentration from methylanthranilate. 
Table 14: Product yields from anthranil with varying ammonia concentration. 
Ammonia flow rate 
/ cm  min 1 
Nitrogen flow rate 
/ cm  min- ' 
Percentage yield of products 
Anthranilonitrile Aniline 
50 250 44 17 
100 200 43 19 
200 100 49 9 
250 60 61 6 
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Figure 23: Percentage yields against ammonia concentration from anthranil. 
From these results it can be seen that the conversion of methylanthranilate 73 
and anthranil 57 to anthranilonitrile 75 increases with increasing ammonia flow. The 
percentage yield of anthranilonitrile 75 increases from 60% to 72% and from 44% to 
62% from methylanthranilate 73 and anthranil 57 respectively on increasing the flow 
of ammonia trapping gas from 50 cm 3 min- ' to 300 cm3 min 1 . 
However, the trapping was not completely effective with a minimum yield of 
14% aniline from the methylanthranilate pyrolyses and a minimum yield of 6% 
aniline from the anthranil pyrolyses. This clearly shows that a significant proportion 
of the iminoketene intermediate is not reacting intermolecularily with ammonia but is 
instead reacting intramolecularily to give aniline. It is probable that if the rate of 
injection of the substrate was reduced this would be significantly reduced and 
anthranilonitrile would be the sole product, however this was not investigated. 
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2.3.3 Zeolite catalysed pyrolysis of o-nitrotoluene 
Following the investigation of the intermolecular trapping conditions, 
o-nitrotoluene was subjected to flow pyrolysis over zeolite Y pellets. For all of the 
following reactions the temperature of the top and middle zone were set to 450 °C 
and the bottom zone to 250 °C. The temperature of the reaction zone was chosen to 
be 450 °C as o-nitrotoluene is known not to react over inert packing at this 
temperature. This means that any reaction seen at 450 °C is the result of interaction 
with the zeolite catalyst. o-Nitrotoluene 52 {-2 g (15 mmol)} was injected to the 
furnace at a rate of 1.2 cm  h 1 and the total gas flow rate was 300 cm 3 min- '. 
Initially zeolite Y (10 g) was packed in the centre of the furnace, held in place with a 
silica wool plug. Pyrolysis with only ammonia flow gas gave conversion to aniline 
26 in 11% yield along with recovery of a small amount of unreacted starting material 
(5%). Pyrolysis with only nitrogen carrier gas gave a 1% yield of aniline 26 along 
with 2% unreacted starting material as shown in Scheme 94. As in the FVP, the very 
low accountability of products was thought to be caused by carbonisation of the 
starting material on the zeolite surface. Why this is more pronounced with nitrogen 
flow gas is unclear. To attempt to improve the low accountability, inert packing was 
used in the top and middle zones to prevent the substrate from passing directly onto 
the zeolite and instead allow a more gradual introduction to the zeolite surface. This 
was carried out with a mixture of ammonia (100 cm  min) and nitrogen (200 cm  
min') with the ammonia injected at the top of the furnace, which was shown in 
Section 2.3.2 to be effective at trapping products. This was carried out with 
porcelain saddles surrounding the zeolite sample in the middle zone with glass wool 
loosely packed throughout the top zone. Pyrolysis of o-nitrotoluene gave conversion 
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to aniline 26 (7%) and o-toluidine 76 (1%) with no starting material remaining, also 
shown in Scheme 94. Again the accountability of products was very low with 
carbonisation on the zeolite sample as well as the glass wool in the top zone. 
It is clear from these results that o-nitrotoluene is not dehydrating to anthranil 
when pyrolysed over these solid catalysts. The failure to observe any of the anthranil 
derived products confirms the conclusions from Section 2.2.8.1. 
NH3 
NO2 	 NO2 






















2.3.4 Identification of products 
In the mixtures of aniline and anthranilonitrile obtained ' 3C NMR spectra 
were used for identification which corresponed to that in the literature. 68 
Anthranilonitrile was identified by aromatic peaks at 8c  133.9, 132.19, 117.8 and 
115.05 ppm with quaternary peaks at öc 148.6 and 117.6 ppm and the methyl peak at 
c 95.70 ppm. Aniline was identified from aromatic peaks at öc 129.2, 118.4 and 
114.95 ppm in ratio of 2:1:2 and a quaternary peak at 6c  146.3 ppm. The aromatic 
multiplets in the 'H NMR spectra for both products showed considerable overlap 
from oH 7.34-6.7 ppm with broad singlets for the amino groups at 8H  4.45 and 3.5 
ppm for anthranilonitrile and aniline respectively. The peak intensities from the 13 C 
NMR spectra were used for the quantification of the two products. This can be done 
with a two component mixture by comparing the peak heights against those of an 
accurately prepared 1:1 mixture of those two components. The ratio of the intensity 
of a peak from one product versus the intensity of a peak from the other product was 
normalised against the same intensity ratio from the 1:1 mixture. This process was 
repeated for each peak of anthranilonitrile against each peak from aniline and the 
mean value taken as the molar ratio of the products. An example of this is shown in 
Table 15 which confirms the validity of this method of yield calculation, with no 
more than 15% difference between all of the ratios. 
o-Nitrotoluene was identified from a doublet in the 'H NMR spectrum at 
0H 8.94 ppm with coupling constant of 8.4 Hz, aromatic multiplets from 0H  7.50-7.42 
(1H) and 7.34-7.24 (2H) and a methyl peak at 3,-, 2.57 ppm. The ' 3C NMR spectrum 
showed four aromatic peaks at Oc  132.88, 132.59, 126.72 and 124.43 ppm with a 

















2.34  .7596 0.7603 0.7543 0.7846  .7647 2.21 
12.14  .7733 0.7740 0.7682 0.7973  .7782 10.62 
9.5  .7370 0.7378 0.7314 0.7636  .7425 10.18 
10.08  .7457 0.7464 07401 0.7717  .7510 10.26 
2.03  .7537 0.7544 0.7482 0.7791  .7589 1.98 
12.22  .7672 0.7678 0.7619 0.7916  .7721 11.07 
2.3  .7941 0.7947 0.7893 0.8164  .7986 1.78 






















0.65  0.2404 0.2267 0.2630 0.2543 0.2463 0.2328 0.2328 0.2423 1.94 
5.33  0.2397 0.2260 0.2622 0.2536 0.2456 0.2322 0.2322 0.2416 15.97 
2.87 0.2457 	10.2318 0.2686 0.2599 0.2518 0.2381 0.2381 0.2477 8.32 
0.2154 0.2027 	101364 0.2283 	10.2209 0.2084 0.2084 0.2172 17.03 
Averages 0.2353 	10.2218 10.2575 10.2490 10.2411 10.2279 10.2279 0.2372 
Table 15: Calculation of yields for typical mixture of aniline and anthranilonitrile. 
which corresponds well with the literature. 68 
o-Toluidine was identified from an aromatic multiplet at 8H  7.02-6.90 ppm 
and a methyl peak at 8H  3.62 ppm in the 'H NMR spectum. The ' 3 C NMR spectrum 
showed four aromatic peaks at 8 c 130.28, 126.80, 118.45 and 114.80 ppm with a 
methyl peak at 8 c 17.16 ppm and two quaternary peaks at 8 c 144.42 and 122.18 ppm 
which corresponds well with the literature. 68 
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2.4 	Basic solution rearrangement of o-nitrotoluene to anthranilic acid 
As discussed in section 1, the interaction of aromatic nitro groups with their 
ortho-substitutents is an area which has received a lot of attention in the 
literature. 6,18,26-28,30,32,4046  A well known example is the formation of anthranilic acid 
72 from o-nitrotoluene 52 in basic solution conditions. 33-37  Under these conditions 
o-nitrotoluene 52 rearranges to give anthranilic acid 72 in fairly low yield (-15%) 
along with a number of by-products including the reduced o-toluidine 76, along with 
the azoxy compounds 175 and 176 as well as unreacted starting material as shown in 




Q + OC NH2 + NO2  	aNO2  
52 	 72 	 76 	 52 
Scheme 95 	
CH3 	 CH3 
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175 	 176 
group and oxidation of the methyl group. There has been a good deal of speculation 
on the mechanism of this rearrangement but there is evidence that it proceeds via the 
anthranil 57 intermediate as shown in Scheme 96. 
CH3 
	
3 	 ,COOH :c 	1I'O 2 	p 
NO2 6--N 
7 	1 
52 	 57 72 
Scheme 96 
Experiments carried out by Kukhtenko 35 indicated, by reaction with 
potassium hydroxide in [180]  water, that the reaction involved uptake of one atom of 
solvent oxygen. This result was inconclusive, however, as the amount of solvent 
oxygen incorporated was found to be less than one atom per molecule by an amount 
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greater than the estimated error. Therefore, although these results demonstrated that 
the reaction does not proceed via uptake of two atoms of solvent oxygen it did not 
rule out the possibility that both oxygen atoms in the nitro group transfer to the 
carboxylic group in the product. A further stud y36. in similar conditions showed that 
the reaction did proceed exclusively through insertion of one atom of oxygen from 
the solvent. This was concluded by analysis of the mass spectrum produced by 
decarboxylation of the anthranilic acid produced and was found to have 99.6% 
incorporation of one oxygen-18 atom. A mechanism consistent with this was 
proposed with anthranil 57 as an intermediate and this mechanism is shown in 
scheme 90. It shows one oxygen transfer from the nitro group and one oxygen 
insertion from the solvent. Initial deprotonation of the methyl group gives 177 which 
can cyclise to 178 which can lose 1120 to give anthranil 57. Attack of 0H at the 
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Similar work to give anthranil has been carried out in acidic solution .47  This 
study showed that in sulfuric acid o-nitrophenylacetic acid 180 is protonated to give 
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57 	 183 
to 182. Loss of water gives anthranil-3-carboxylic acid 183 or loss of water and 
carbon dioxide gives anthranil 57 as shown in Scheme 98. 
Ridd has also shown 1-ethyl-2-nitrobenzene 126 to rearrange to 
3 -methylanthranil 107 in trifluoromethanesulfonic acid . 80' 8 ' Hydrogen transfer gives 
184 which can cyclise to give 185. Dehydration of 185 then gives 3-methylanthranil 
107 as shown in scheme 99. 
CH3 	
Me  
H c 2 	OrL 	 rr'l0 -N' 	-H20 
126 	 184 dH 	 185 OH 107 
Scheme 99 
The low yield of anthranilic acid 72 produced in the basic solution reactions 
is at least partly due to alternative pathways by which the reaction can proceed. This 
is evident in the various side products which have been identified. The purpose of 
the present work was to perform a further investigation of the reaction in a wider 
range of conditions to attempt to increase the yield of anthranilic acid. For this 
purpose a range of possible bases and solvents was employed, and phase transfer 
catalysts were used to assist the reaction by transport of the ions into the organic 
phase. 
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In order to understand the rearrangement of o-nitrotoluene to anthranilic acid, 
the work originally of Preuss and Binz 33 in basic solution was repeated. The reaction 
had previously been found to give anthranilic acid in low yield along with various 
by-products. o-Nitrotoluene 52 was heated overnight with 2-methoxyethanol in 
basic solution and extracted from this solution with ether before being made acidic 
(-pH 3.4) and extracted again with ether, scheme 100. The first separation gave a 
mixture of products which was separated by dry-flash column chromatography over 
silica. The first compound eluted from the column was unreacted o-nitrotoluene 52 
(17%). The first product to be obtained was the azoxy compound 
di-o-tolyl-diazene-N-oxide 176 (3.5%). The reduction of nitroaromatics has been 
shown to be a high yielding route to azoxy compounds.  82  The only other product in 
this mixture was o-toluidine 76 (6.5%), which was formed by reduction of the nitro 
group without oxidation of the methyl group. 
The extraction of the acidified aqueous layer yielded only anthranilic acid 72 
(14%) by the intramolecular oxidation/reduction mechanism. The specific pH of 3.4 
was required for the extraction of the amphoteric anthranilic acid This was purified 
by dry-flash column chromatography over silica. 
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this way is far from ideal as it relies on separation at the specific pH of 3.4. It was 
considered that converting the acid group into an ester would remove this problem 
and make separation of the ester of anthranilic acid from reaction mixtures far more 
effective. Methylation of anthranilic acid by methyl iodide in basic solution to give 
methylanthranilate 73 would seem the best way of performing this (scheme 101). 
This reaction was therefore examined by methylation of authentic anthranhlic 
acid in dimethylformamide with potassium carbonate. Several reactions were 
performed to try to optimise the conditions. Firstly the reaction was left overnight 
with 2 equivalents of both methyl iodide and potassium carbonate. This was found 
to lead not only to methylation of the acid group but also methylation of the amino 
group to give a mixture of methylanthranilate 73 (-40%), methyl 
N-methylanthranilate 186 ('-40%) and methyl NN-dimethylanthranilate 187 (-20%) 
with no anthranilic acid remaining. 
aNH2
CO2H CH3I CO2Me CO2Me ,CO2Me 
 DMF, K2CO3 aNH2 + + Me 
7  73 186 Me 187 le 
Scheme 101 
Following this, in order to limit the N-methylation, the reaction was repeated 
with only one equivalent of both methyl iodide and potassium carbonate. Extraction 
of a sample of the reaction mixture after 30 minutes gave mainly methylanthranilate 
73 and methyl N-methylanthranilate 186 with no methyl NN-dimethylanthranilate 
187 present. Extraction of the reaction mixture after a further 30 minutes gave an 
almost identical product mixture showing that the reaction takes place very quickly. 
Reaction of 1 equivalent of methyl iodide and 0.5 equivalents of potassium 
carbonate with separation after 10 minutes gave similar results, mainly 
methylanthranilate 73 and methyl N-methylanthranilate 186. 
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The methylation of anthranilic acid was intended to be performed on the 
reaction mixtures from basic solution reactions of o-nitrotoluene. Since the exact 
amount of anthranilic acid produced in these reaction will not be known, it will be 
necessary to use an excess of methyl iodide in the reaction. To simulate this 
methylation of anthranilic acid was carried out with 10 equivalents of methyl iodide 
and the reaction mixture extracted after 10 minutes. This also yielded mainly 
methylanthranilate 73 but the amount of methyl N-methylanthranilate 186 had 
significantly increased from the previous case. 
It was concluded from this that the proposed methylation of the anthranilic 
acid product to ease its separation would not be effective due to the complication of 
the N-methylation. Instead it was decided to use High Performance Liquid 
Chromatography to analyse reactions. The HPLC used was a Hewlett Packard 1050 
or 1100 series with a Hichrom Column and UV detection. Initially a suitable HPLC 
method had to be established for the reaction so that o-nitrotoluene and anthranilic 
acid were sufficiently separated from other minor products to enable accurate 
quantification. For this HPLC eluent of 69.3 29.7 : 1, water : acetonitrile : acetic 
acid with a flow rate of 1.5 ml min' was chosen as it was found to give sufficient 
separation in a short time. This gave retention times for o-nitrotoluene 52 and 
anthranilic acid 72 of 12.6 and 3.9 minutes respectively and gave adequate separation 
from the expected side products of o-toluidine 76, and the azoxy compound 176. 
Work has been carried out on the reaction of o-nitrotoluene under a range of 
aqueous basic solution conditions; with investigation of the effect of the base, the 
organic solvent, the temperature and the use of a phase transfer catalyst. Samples 
(0.5 g) of the reaction mixture were taken at various time intervals for HPLC 
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analysis. Samples were made up with 0.2 M ammonium acetate in methanol (20 ml) 
and methanol (40 ml) diluted to 100 ml with water. On completion of reaction a 
further sample was taken for HPLC analysis with the results shown in table 16, 
reactions are referred to by their numbers in table. Solutions of the final reaction 
mixtures in dichioromethane were also analysed by both chemical ionisation and 
electron impact gas chromatography-mass spectroscopy (GC-MS). GC analysis was 
carried out using a Hewlett-Packard 6890 Series with helium carrier gas. Chemical 
ionisation used methane to ionise the sample. 
Before any reactions of o-nitrotoluene were carried out, the stability of the 
product anthranilic acid under these reaction conditions was tested. This was done 
by addition of anthranilic acid to typical reagents of 47% NaOH, polyethylene gycol 
300 (PEG 300) and tetrabutylammonium bromide (TBAB). The reaction mixture 
was heated to 80 °C and left to stir for 6 h. After this time HPLC analysis showed 
100% of the anthranilic acid remained. This shows that all anthranilic acid formed 
during reaction of o-nitrotoluene can be expected to survive these reaction conditions 
conditions and will not go on to further reactions or decompose. 
It was found by using five different phase transfer catalysts 
{tetrabutylammonium hydrogensulfate (TBAHS), phenyltrimethylammonium 
chloride (PTMAC), tetramethylammonium iodide (TMAI), tetrabutylphosphonium 
bromide (TBPB) and TBAB} that their effect was to increase markedly the rate of 
reaction of o-nitrotoluene to anthranilic acid (reactions 4 and 7-10). Reaction in 
NaOH (47% aq.) and PEG 300 at 80 °C show all of the catalysts resulted in the same 
yield of product (16% or 17%) with the ammonium salts completing the reaction in 
about 5 h and the phosphonium salt used taking about 11 h. This compares to 
141 
Table 16: Results for reaction of o-nitrotoluene in base. 





Percentage yield of products 
Anthranilic acid 	o-Nitrotoluene 
1 32%NaOI1 TBAHS 100 32 12 38 
2 470 NaOH PEG 300  80 16 4 74 
3 47% NaOH PEG 300  100 2 11 0 
4 47% NaOH PEG 300 TBAHS 80 5 16 0 
5 47% NaOH PEG 300 TBAHS 100 2 13 0 
6 32% NaOH PEG 300 TBAHS 80 18 7 65 
7 47% NaOH PEG 300 TBPB 80 11 17 trace 
8 47% NaOH PEG 300 PTMAC 80 6 17 0 
9 47% NaOH PEG 300 TMAI 80 5 17 0 
10 47% NaOH PEG 300 TBAB 80 5 17 0 
11 47% NaOH 2- Methoxyethanol  100 2 6 0 
12 47% NaOH Ethanol TBAHS 80 11 6 0 
13 47% NaOH DCM TBAHS 60 11 Trace 100 
14 47% NaOH Chlorobenzene TBAB 80 6 1.3 85 
Table 16: Results for reaction of o-nitrotoluene in base. 





Percentage yield of products 
Anthranilic acid 	o-Nitrotolhene 
1 32%NaOH TBAHS 100 32 12 38 
2 47% NaOH PEG 300  80 16 4 74 
3 47% NaOH PEG 300  100 2 11 0 
4 47% NaOH PEG 300 TBAHS 80 5 16 0 
5 47% NaOH PEG 300 TBAHS 100 2 13 0 
6 32% NaOH PEG 300 TBAHS 80 18 7 65 
7 47% NaOH PEG 300 TBPB 80 11 17 trace 
8 47% NaOH PEG 300 PTMAC 80 6 17 0 
9 47% NaOH PEG 300 TMAI 80 5 17 0 
10 47% NaOH PEG 300 TBAB 80 5 17 0 
11 47% NaOH 2- Methoxyethanol  100 2 6 0 
12 47% NaOH Ethanol TBAHS 80 11 6 0 
13 47% NaOH DCM TBAHS 60 11 Trace —100 
14 47% NaOH Chlorobenzene TBAB 80 6 1.3 85 
reaction without the phase transfer catalysts (reaction 2) which gave 4% yield of 
anthranilic acid after 16 h with 74% unreacted starting material remaining. The 
phase transfer catalysts are clearly assisting in the rate of reaction to anthranil by 
allowing the 0H to effect the initial deprotonation of o-nitrotoluene more 
effectively. However, the catalysts also seem to increase the rate of side reactions by 
a similar degree since if the non-catalysed reaction was allowed to proceed to 
completion it would be expected to give approximately 16% yield of anthranilic acid 
(4% product from 26% reacted starting material is approximately equivalent to 16% 
from 100%). Figure 24 shows a graph of formation of anthranilic acid and loss of 
starting material over time for the reaction of o-nitrotoluene in NaOH (47% aq.), 
PEG 300 and TBAB at 80 °C (reaction 10). Figure 25 also shows a typical HPLC 
trace for the same reaction after 2 h. 
The effect of the temperature on the reaction was examined with reaction of 
o-nitrotoluene in NaOH (47% aq.) and PEG 300 at both 80 °C and 100 °C 
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Figure 25: Typical HPLC trace. 
(reaction 3, 5, 2 and 4). This reaction was carried out with and without the phase 
transfer catalyst TBAHS. By comparing the two sets of reactions at different 
temperature it is clear that increasing the temperature markedly increases the rate of 
formation of anthranilic acid. However, it is also clear that at the higher temperature 
the yield of anthranilic acid is reduced and that side reactions are favoured. 
Potassium hydroxide and lithium hydroxide solutions were found to be less 
effective than sodium hydroxide on this reaction. KOH (47% aq.) (reaction 17) 
resulted in a slower reaction than NaOH (47% aq.), with 11% yield of anthranilic 
acid and 40% starting material remaining after 6 h compared with 17% yield of 
anthranilic acid after 5 h for the sodium hydroxide. Lithium hydroxide is relatively 
insoluble in water and could only be prepared in 17% solution and this resulted in 
1.3% anthranilic acid with 96% o-nitrotoluene remaining (reaction 18). It can also 
be seen that varying the concentration of the base greatly effects the rate of reaction. 
NaOH (32% aq.) gives conversion to 7% anthranilic acid with 65% o-nitrotoluene 
remaining after 18 h (reaction 6). This is far slower than reaction in NaOH (47% 
aq.) which gave complete reaction to 16% anthranilic acid after 5 h (reaction 4). 
However, since the 35% of o-nitrotoluene which did react gave 6% of the desired 
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product, it can be estimated that complete reaction would also lead to around 16% 
yield. 
Variation of the solvent was also carried out with polyethylene glycol found 
to give the highest yield of anthranilic acid, with a yield of 17% (reaction 10). 
NaOH (47% aq.) and TBAB were used for all these reactions; ethanol (reaction 12) 
and 2-methoxyethanol (reaction 11) gave 6% yield, chlorobenzene (reaction 14) gave 
1.3% anthranilic acid with 85% o-nitrotoluene remaining after 6 h, dichioromethane 
(reaction 13) and fluorobenzene (reaction 15) gave a trace of anthranilic acid with 
nearly all the starting material remaining, and toluene (reaction 16) resulted in no 
reaction taking place. A lower temperature of 60 °C had to be used for 
dichioromethane due to its high volatility. 
As the probable key intermediate in the formation of anthranilic acid, the 
reactivity of anthranil was also tested under these conditions. Anthranil was injected 
over the course of 1 h to a stirred mixture of NaOH (47% aq.), PEG 300 and TBAB 
at 80 °C. The reaction of anthranil was very rapid with a 32% yield of anthranilic 
acid produced after 1 h. The low yield of anthranilic acid in this reaction is probably 
due to the low stability of anthranil. When formed in the reactions, anthranil will be 
in low concentrations, but when injected directly its concentration will be higher 
making polymerisation more likely. 
Electron impact GC-MS spectra of final reaction mixtures showed peaks 
corresponding to unreacted starting material in reactions which had not gone to 
completion. A peak with m/z 137 with a retention time corresponding to an authentic 
sample had breakdown peaks at 120, 92, 91 and 65 which were also consistent with 
o-nitrotoluene. 76 Chemical ionisation GC-MS was carried out using methane which 
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gives an M+1 peak and an M+29 peak. GC-MS confirmed the presence of 
o-nitrotoluene in various reaction mixtures with an M+1 peak at 138 and an M+29 
peak at 166. Anthranilic acid did not show up in the GC-MS of any of the product 
mixtures. This was investigated with the analysis of an accurately prepared sample 
containing equal amounts of authentic o-nitrotoluene and authentic anthranilic acid. 
Under electron impact anthranilic acid was not detected with only a large peak for 
o-nitrotoluene in the spectrum. In chemical ionisation of the same authentic 1:1 
mixture there was only a small peak for anthranilic acid with very low relative 
abundance (<0.3% of o-nitrotoluene peak) and as such its non-appearance in the 
product mixtures is not unexpected. 
o-Toluidine 76 was also detected with a molecular ion peak of m/z 107 with 
breakdown peaks at 106, 89 and 77. Chemical ionisation also showed o-toluidine 
with an M+1 peak at 108 and an M+29 peak at 136. The formation of the azoxy 
compound 176 was confirmed by a molecular ion peak at m/z 226 with breakdown 
peaks at m/z 225, 211, 210 and 91 in the electron impact spectrum. Chemical 
ionisation also showed the presence of 176 with an M+l peak at 211 and an M+29 
peak at 239. Although the by-products of 76 and 176 were not quantified by HPLC, 
it is clear from their peak heights and also from previous work that they are lesser 
products than the anthranilic acid. This meant that the mass balance of the reaction 
was very low and that the majority of the starting material or intermediate was 
decomposing or polymerising instead of converting to products. This suggests that 
one reason for the low yield of anthranilic acid was that the reaction conditions may 
be too harsh with the base not only effecting the deprotonation required for 
147 
conversion to anthranilic acid but also leading to decomposition of the starting 
material. 
It was thought that the decomposition of starting material could be reduced 
by the use organic bases, the results of which are also shown in table 16. Work with 
the nitrogen containing organic bases, the structures of which are shown in figure 26, 
did not prove successful in the formation of anthranilic acid. Reaction of 
o-nitrotoluene with 1 ,4-diazabicyclo[2.2.2.]octane (TED) 188 in ethanol, aqueous 
TED with the phase transfer catalyst TBAB, 5—diazabicyclo[4.3.0.]non-5-ene (DBN) 
189 in ethanol and aqueous 1 ,8—diazabicyclo[5.4.0]undec-7-ene (DBU) 190 resulted 
in no reaction (reactions 19-22). In each case, there was no anthranilic acid formed 
and all the o-nitrotoluene starting material remained after several hours heating at 
80 °C. Reaction of o-nitrotoluene in NaOH (32% aq.) and the organic base TED 
'- 
4 	 rN, CNc 
188, TED 	189, DBN 	190, DBU 
Figure 25 
together was also carried out. This was done with TBAB catalyst with and without 
PEG 300 solvent (reactions 24 and 23). These reactions only yielded a small amount 
of anthranilic acid and did not show any improvement in the equivalent reactions 
without the organic base present. It can be assumed from these reactions that these 
organic bases are not strong enough to effect the initial deprotonation of the methyl 
group in o-nitrotoluene required for this formation of anthranilic acid to proceed. 
Work has also been carried out with methanolic sodium and potassium 
hydroxide solutions and this resulted in a significant improvement in yield. Reaction 
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Amount of o-nilrotoluene remaining from reaction 26 
Amo-unt -of-o-nitroto-luene-  remaining from.  reaction-27 .  
Percentage yield of anthranilic acid from reaction 27 
Percentage yield of anthranilic acid from reaction 26 
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Figure 26: Reaction course for methanolic KOH (blue with DBU, red without DBU). 
of o-nitrotoluene in 8% NaOH in methanol resulted in no reaction with all starting 
material remaining after 5 h (reaction 25). Reaction of o-nitrotoluene in KOH in 
methanol (25%) gave a 40% yield of anthranilic acid with 9% starting material 
remaining after 75 h (reaction 26). Reaction of o-nitrotoluene in KOH in methanol 
(25%) with DBU gave a 30% yield of anthranilic acid with 17% starting material 
remaining after 42 h (reaction 27). Figure 26 shows formation of anthranilic acid 
and loss of o-nitrotoluene against time for the two reactions in methanolic KOH. It 
can be seen from this graph that the initial rate of formation of product is higher with 
the use of DBU, with 20% yield of anthranilic acid after about 5 h, but the reaction 
slows more notably after this. GC-MS of the final reaction mixtures also show the 
presence of a trace of o-toluidine 76 but did not show the presence of the azoxy 
compound 176. This shows that the reaction in KOH in methanol not only reduces 
the degree of decomposition but also favours the reduction/oxidation to anthranilic 
acid. 






required. Reaction 26 of o-nitrotoluene in 25% methanolic KOH was repeated with 
the mixture being left to stir for 24 h. HPLC analysis showed to contain anthranilic 
acid in 20% yield which correspond to the yield after 24 h in figure 26. The reaction 
mixture was acidified (pH 3.4) before being extracted with dichloromethane. This 
gave a dark solid which HPLC analysis showed the extraction to be anthranilic acid 
in 30% purity, with other trace peaks present as well as significant amounts of 
decomposed material. Recrystallisation of the extracts was attempted, however, due 
to the extent of the impurities this was unsuccessful. Further purification of this 
product was not attempted, but will be needed to make this a viable route to 
anthranilic acid. 
This work portrays a thorough examination of the reaction of o-nitrotoluene 
to anthranilic acid in basic solution. It was found that in aqueous base, phase transfer 
catalysis can vastly increase the rate of the reaction. The effect of the solvent on the 
reaction is also important with polyethylene glycol found to be the best giving a 16% 
yield of anthranilic acid. However, the extent of the side reactions including 
decompostion in aqueous base limited the conversion to anthranilic acid to 16%. 
Non-aqueous bases were found to be less harsh with potassium hydroxide in 
methanol (25%) giving conversion to a 40% yield of anthranilic acid with 9% 
unreacted o-nitrotoluene remaining. This is a significant three-fold increase in yield 
of anthranilic acid to anything previously published and is the most effective means 
of converting o-nitrotoluene to anthranilic acid or its derivatives under any of the 
reaction conditions studied. These conditions clearly give a vast increase in the yield 
of anthranilic acid, however, further work is needed to optimise the isolation without 
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DMSO 	 dimethyl sulfoxide 
TED 	 1 ,4-diazabicyclo[2.2.2]octane 
DBN 	 1 ,5-diazabicyclo[4.3 .O]non-5-ene 
DBU 	 1 ,8—diazabicyclo[5 .4.O]undec-7-ene 
TBAHS 	 tetrabutylammonium hydrogensulfate 
TBPB 	 tetrabutyiphosphonium bromide 
PTMAC 	 phenyltrimethylammonium chloride 
TMAI 	 tetramethylammonium iodide 
TBAB 	 tetrabutylammonium bromide 
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INSTRUMENTATION 
Nuclear Magnetic Resonance Spectroscopy. 
'H NMR spectra were recorded on Bruker AC250 (250 MHz), Bruker AC200 
(200 MHz) and Varian Gemini 200 (200 MHz) spectrometers. 1 3  C NMR spectra 
were recorded on Bruker AC250 (63 MHz), Bruker AC200 (50 MHz) spectrometers. 
Spectra were recorded in [2H]chloroform, unless otherwise stated. Chemical 
shifts are quoted in parts per million relative to tetramethylsilane, and all coupling 
constants are given in Hertz. In ' 3C NMR spectra all chemical shifts refer to CH 
peaks unless otherwise stated. 
Mass Spectrometry. 
All mass spectra were obtained by electron impact and were recorded on a 
Kratos MS50PC instrument. 
Chromatography. 
Thin-layer chromatography was carried out on precoated aluminium sheet 
(0.2mm, silica gel, Merck, grade 60) impregnated with an ultra violet indicator. 
Dry-flash column chromatography was carried out on silica gel (Merck, grade 
60, 230-400 mesh, 60 A). The crude materials were preabsorbed onto silica gel 
using dichioromethane and then loaded onto the column by the method of 
Harwood. 83 
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High Performance Liquid Chromatography was carried out on a 
Hewlett-Packard 1050 or 1100 series with a Hichrom 12C Column. 
Gas chromatography - mass spectrometry were also run using both chemical 
ionisation and electron impact ionisation modes on a Hewlett-Packard 6890 Series 
with helium carrier gas. Chemical ionisation used methane to ionise sample. 
Catalysts. 
Small pore zeolites 3A were obtained from Lancaster supplied as 1-2 mm 
pellets. Zeolites 5A were obtained from Acros and were 1.7-2.4 mm pellets. 
Large pore zeolites were obtained from a variety of sources and came in 
various forms. Zeolites 13X were obtained from Lancaster as 1-2 mm pellets. The 
following four zeolite samples were obtained from Zeolyst. Zeolite CBV 720-X16 
was a type Y zeolite obtained as both 1.5 mm extrusions and powder with a Si/Al 
ratio of 30 and had hydrogen as the cation. CBV 780-X16 was a type Y zeolite and 
came in 1.5 mm extrusions with a Si/Al ratio of 80 and hydrogen as the counter 
cation. CBV 20A-X16 was a mordenite sample with Si/Al ratio of 20 and ammonia 
as the counter cation supplied as 1.5 mm extrusions. CBV 5526G was a ZSM-5 
sample with Si/Al ratio of 80 and hydrogen as the counter cation and came as 1.5 
mm extrusions. Standard Zeolite Y was also obtained from Alfa Aesar; this came as 
1.5 mm extrusions. 
Silica used as catalyst was obtained from Fluka and was for column 
chromatography. Samples 8691-8694 were obtained from Grace. 
Alumina used as catalyst was obtained from Acros and was basic, activated 
for column chromatography (50-200 micron). 
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3.2 	Flash Vacuum Pyrolysis 
Nitrogen 














Temperature 	 ____ 
Control 
Unit 	 Liquid  
Nitrogen 
Figure 28: Flash vacuum pyrolysis apparatus. 
Flash vacuum pyrolysis experiments were conducted using the apparatus 
shown in figure 28, based on the design of W.D. Crow (Australian National 
University). The entire system is maintained at low pressure, typically 10-2  torr by 
an Edwards Model ED 100 high capacity oil pump. The pyrolysis tube which is silica 
(30 cm x 2.5 cm) is maintained at the desired temperature, typically 400 °C to 
1000 °C by the electronically controlled furnace Model No. MTF 12/38/250. 
Packing can be used within the furnace tube and the various forms used are described 
below. The substrate to be pyrolysed is accurately weighed into the inlet tube which 
is heated by a Kugelrohr oven causing the substrate to vaporise into the furnace tube. 
Reaction products are collected in a U-shaped trap cooled in liquid nitrogen at the 
exit of the furnace tube. The pump is protected by a Dreschel trap cooled in liquid 
nitrogen. The apparatus ensures that the substrate is in the hot zone for a very short 
contact time (in the order of 10 ms for an empty tube) and the low pressure favours 
intramolecular reactions over intermolecular reactions. 
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At the end of a reaction, nitrogen gas is allowed into the system as the 
product trap warms to room temperature. Standard work up involved simple 
collection into [2H]-chloroform from which crude 'H and ' 3C NMR spectra were 
obtained. Where mixtures were obtained characteristic signals from literature 'H and 
' 3C NMR spectra were used for the identification of products and yields quoted in 
those cases are estimated from 1 H NMR spectra integrals. Where peaks in the 'H 
NMR spectra overlap their signals are included underlined. Results are quoted as 
follows: quantity of substrate, inlet temperature T, furnace temperature Tj, pressure, 
pyrolysis time t, products obtained. 
Temperature profiles 
FVP of anthranil 57, 3-methylanthranil 107 and 1-ethyl-2-nitrobenzene 126 
was carried out at a range of temperatures in order to investigate their thermal 
stabilities. 
Pyrolysis of 1-ethyl-2-nitrobenzene 126 was carried out in a qualitative 
manner with no identification of breakdown products. At 500 °C only starting 
material was recovered; at 600 °C there was a little evidence of decomposition; at 
650 °C there was further evidence of breakdown and at 700 °C there was 
considerable breakdown with little starting material remaining. 
For anthranil 57 and 3-methylanthranil 107 a quantitative measurement of the 
breakdown was taken at the various temperatures. FVP of anthranil at 750 °C has 
been shown to give a range of products 48 which were not identified here. In the case 
of 3-methylanthranil, pyrolysis was found to give only one product which is 
characterised below. The crude pyrolysis products were collected into [2H6]DMSO 
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along with a known amount of 1,4-dinitrobenzene as a reference. An integral 
comparison of the 'H NMR spectrum, performed on the Varian Gemini 200, enabled 
calculation of the percentage of unreacted starting material remaining by comparison 
with the reference. For anthranil this was done with the proton at oH 9.8 ppm and for 
3-methylanthranil the methyl peak at 0H  2.8 ppm was used. Results are quoted as 
follows: quantity of substrate; inlet temperature T; furnace temperature 1}', pressure; 
pyrolysis time t;% unreacted. 
Temperature profile for FVP of anthranil 57. 
(32.0 mg, 2.69x10' mol; T1 25 °C; Tf 475 °C; P 2.0x102  Torr, 5 mm) gave 77% 
unreacted anthranil 57 remaining. 
(32.5 mg, 2.73x10 mol; T 25 °C; T1500 °C; P 3.2x102  Torr, 5 mm) gave 69%. 
(30.5 mg, 2.56x10 mol; T, 25 °C; Tf525 °C; P 1.2x102  Torr, 5 mm) gave 58%. 
(33.5 mg, 2.81x10 mol; T25 °C; Tj 550 °C; P 1.2x102  Ton, 5mm) gave 28%. 
(30.9 mg, 2.60x10 mol; T1 25 °C; Tf 575 °C; P 1.0x102  Ton, 5 mm) gave 8.4%. 
(32.0 mg, 2.69x10 mol; T 25 °C; T1600 °C; P 1.Ox 10.2  Ton, 5 mm) gave 1.3%. 
Temperature profile for FVP of 3-methylanthranil 107. 
(30.1 mg, 2.26x10' mol; T 90 °C; T1450 °C; P 9.0x10 Ton, 5 mm) gave 99.0% 
unreacted 3-methylanthranil 107 remaining. 
(33.6 mg, 2.53x10" mol; T1 90 °C; 7' 500 °C; P 1.0x102  Ton, 5 mm) gave 75%. 
(33.4 mg, 2.51x10 mol; T 90 °C; T 550 °C; P 1.4x102  Ton, 5 mm) gave 40%. 
(31.2 mg, 2.35x10 mol; T1 90 °C; T1600 °C; P 1.0x102  Ton, 5 mm) gave 15%. 
(35.4 mg, 2.66x10' mol; T1 90°C; T1650 °C; P2.0x10 2 Ton, 5 mm) gave 2.7%. 
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FVP of 3-methylanthranil 107 at 700 °C. 
(51 mg, 3.83x10 mol; T 90 °C; 7"j 700 °C; P 1.2x102  Ton, 5 mm) gave 
1H-indol-3(211)-one 110 (44 mg, 86%); 8H  7.57 (1H, m), 7.41 (1H, m), 6.89-6.76 
(2H, m), 4.80 (111, br s) and 3.83 (2H, s); 6c  200.67 (quat), 162.64 (quat), 136.84, 
123.99, 121.51 (quat), 118.73, 112.88 and 54.04 (CH2); indigo 111 (trace); m/z 252. 
As 110 has previously been shown to tautomerise in DMSO, a separate NMR sample 
was prepared and examined at various time intervals. Run immediately after 
preparation the sample was entirely 110; 8H  ([2H6]DMSO) 7.46-7.39 (2H, m), 7.02 
(1H, br s), 6.91 (111, m), 6.70 (111, m) and 3.97 (2H, s); öc ([ 2H6]DMSO) 200.60 
(quat), 163.36 (quat), 136.92, 123.60, 120.82 (quat), 117.40, 113.07 and 53.99 (CH 2). 
After 24 h the sample of 110 shown to have completely tautomerised to give 
3-hydroxyindole 123; 8H  ([2H6]DMSO) 10.15 (1H, br s), 8.39 (1H, br s), 7.54 (1H, 
m), 7.26 (1H, m), 7.03 (111, m), 6.92 (1H, m) and 6.73 (1H, s); 8C  ([2H6]DMSO) 
136.81 (quat), 134.60 (quat), 121.82, 120.81 (quat), 118.29, 118.12, 112.17 and 
108.01, the 'H NMR spectrum concurred with that in the literature. 54 
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FVP over solid catalysts 
Zeolite packing within the furnace tube, where used, was prepared as follows: 
Zeolite pellets or extrusions (10 g) were packed in the centre of the furnace tube and 
held in place with a plug of silica wool at either end. Zeolite powders (3 g) were 
packed in a furnace tube with a sintered disc in the centre and were held in place with 
a silica wool plug at the inlet tube end. The furnace tube used for powders was made 
of pyrex glass and therefore could not be safely used at temperatures above 500 °C. 
In all cases, the tube was heated at the reaction temperature (or at 450 °C if the 
reaction temperature was less than 450 °C) for 2 h then heated for a further 30 min at 
this temperature under vacuum to rid the pores of water. 
Cation exchange was carried out on zeolite powder with sodium, nickel and 
calcium replacing the supplied cation in the crystalline structure. The corresponding 
nitrate (100 g) was added to type Y zeolite (CBV 720-X16, 30 g) in deionised water 
(1000 cm3). The solutions were left to stir overnight before being filtered and 
dried. 66 
Coated silica tubes (0.5 cm x 5 cm), where used, were prepared as follows: 
20 g of TLC grade silica or alumina was made into a slurry in 40 cm  of methanol. 
The rods were dipped into the slurry to coat them with excess being wiped from the 
outsides and if necessary a hole was poked through with a pasteur pipette to remove 
any blockage. The rods were then stacked into the centre of the furnace tube, which 
was then placed in the furnace to dry the tubes thoroughly. 
Silica or alumina powders (3 g), where used, were packed in a furnace tube 
with a sintered disc in the centre and were held in place with a silica wool plug and 
the furnace tube was heated at the reaction temperature for 2 h. 
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Alumina supported bases were prepared as described in the literature and the 
resultant powders used in the same way as described above: 
37% KF-A103 : 8 A mixture of potassium fluoride (37 g) and alumina (63 g) in 
water (100 ml) was stirred at room temperature for 10 minutes, concentrated in 
vacuo and dried in a vacuum oven at 80 °C overnight. 
MgO-A1203 and CaO-A1203 : 6 ' Alumina (80 g) was impregnated with the metal 
oxide by stifling overnight in an aqueous solution of the corresponding metal nitrate 
(40 g) followed by drying overnight at 110 °C and calcination at 800 °C for 1 h. 
Unless otherwise stated, a freshly prepared sample of catalysts was used for 
each experiment. Pyrolysis over the various forms of catalyst was found to give 
similar results with the same products appearing in several reactions. To avoid 
repetition of the same data in the experimental, NMR spectroscopy assignments for 
each of the products is only listed here on its first appearance. Full NMR 
spectroscopy assignments of all products are listed in the appendix in Section 4.2. 
3.2.3 FVP over zeolite 13X 
Ortho substituted aromatic nitro compounds were pyrolysed over zeolite 13X 
at various temperatures. To investigate the mechanism of formation of the main 
products, meta- and para-nitrotoluene as well as ethylbenzene were also pyrolysed 
over zeolite 13X. 
FVP of o-nitrotoluene 52 over zeolite 13X. 
(259 mg, 1.89x 10  mol; T 65 °C, Tj 500 °C, P 1.7x102  —1.3x10' Ton, t 5 mm) gave 
161 
o-nitrotoluene 52 (30 mg, 12%); 8H  7.96 (1 H, d, J8.4), 7.66-7.28 (3 H, m) and 2.60 
(3 H, s); 5c 149.13 (quat), 133.46 (quat), 132.94, 132.66, 126.79, 124.53 and 20.32 
(CH,), the 'H and ' 3C NMR spectra corresponded with those in the literature; toluene 
37 (10 mg, 5.5%); 61-1  7.26-7.16 (5 H, m) and 2.35 (3 H, s); 6c  137.76 (quat), 128.94, 
128.14, 125.21 and 21.35 (CH3), the 'H and ' 3C NMR spectra corresponded with 
those in the literature. 68 
FVP of 1-ethyl-2-nitrobenzene over zeolite 13X. 
At 350°C 	(259 mg, 1.71x10 - mol; T 80°C, Tj 350 °C, 1.0x1025.0x101  Torr, t 
5 mm); gave 1-ethyl-2-nitrobenzene 126 (8 mg, 3.1%); 6i 7.87 (1. H, d, 3J 8.1), 
7.55-7.20 (3H, m), 2.92 (2 H, q, 3J7.5) and 1.29 (3 H, t, 3J7.5); öc  132.89, 13 1.11, 
126.73, 124.46, 26.11 (CH2) and 14.88 (CH 3), two quaternary peaks not apparent; 
ethylbenzene 140 (22 mg, 12%); 6H  7.55-7.20 (5 H, m), 2.65 (2 H, q, 3J7.6) and 1.24 
(2 H, t, 3J7.6); öc  144.19 (quat), 128.25, 127.80, 125.42, 28.82 (CH 2) and 15.58 
(CH3), the 'H and ' 3C NMR spectra corresponded with those in the literature. 68 
At 375 °C 	(268 mg, 1.77x10 mol; T 80 °C, Tj- 375 °C, 1.08.0x102  Ton, t 5 
mm); gave; ethylbenzene 140 (28 mg, 15%); 1-ethyl-2-nitrobenzene 126 (trace). 
At 400°C 	(262 mg, 1.73x10 mol; T1 80°C, 7'j 400 °C, 1.0x1026.0x102  Ton, 
t 5 mm); gave ethylbenzene 140 (24 mg, 13%); styrene 128 (2 mg, 1%). 
At 500 °C 	(64 mg, 4.23x10 mol; T 80 °C, Tf 500 °C, 4.0x102  Ton, t 5 mm) 
gave ethylbenzene 140 (6 mg, 13.4%); 1-ethyl-2-nitrobenzene 126 (1 mg, 1.1%); 
styrene (2 mg, 4.4%); 61-1  6.72 (1H, dd 3J 17.6, 11.0), 5.75 (1H, dd 3J 17.6, 2J 1.0) and 
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5.25 (1H, dd 3J 11.0, 2J 1.0); 8, 136.83, 128.49, 127.78, 126.17 and 113.78 (Cl 2), 
the 'H NTVIR8 ' and 13C NMR69 spectra corresponded with those in the literature. 
At 650 °C 	(61 mg, 4.04x10 mol; T, 75 °C, 7'j 650 °C, 2.0x102  Ton, t 5 mm); 
gave no identifiable products. 
Large scale at 400 °C 	(2.010 g 13.30x 10  mol; 'T1 80 °C, Tf 400 °C, P 
2.4x10 2-1.2x10' Ton, t 20 mm) gave 1-ethyl-2-nitrobenzene 126 (1.373 g, 68%); 
ethylbenzene 140 (0.138 g, 10%). 
FVP of m-nitrotoluene 43 over zeolite 13X. 
(248 mg, 1.81x10 3 mol; T1 55 °C, Tf 500 °C, P 1.6x10 2 —1.4x10' Ton, t 5 mm) gave 
m-nitrotoluene 43 (17 mg, 7%); 8H  8.06-8.02 (2 H, m), 7.52-7.38 (2 H, m) and 2.48 
(3 H, s); 8c 148.15 (quat), 139.70 (quat), 135.26, 128.96, 123.76, 120.58 and 21.13 
(CH,), the 1 H and ' 3C NMR spectra corresponded with those in the literature; 68 
toluene 38 (14 mg, 8%). 
FVP ofp-nitrotoluene 37 over zeolite 13X. 
(237 mg, 1.73x10 3 mol; T 70 °C, Tf 500 °C, P 9.0x10 3 —1.0x10 1 Ton, t 10 mm) 
gave p-nitrotoluene 37 (29 mg; 12%); oH 8.09 (2 H, d, 3J 8.6), 7.30 (2 H, d, 3J 8.6) 
and 2.45 (3 H, s); Oc  146.05 (quat), 145.91 (quat), 129.72, 123.42 and 21.52 (CH 3), 
the 'H and 13 C NMR spectra corresponded with those in the literature; 68 toluene 38 
(trace). 
FVP of ethylbenzene 127 over zeolite 13X. 
(115 mg, 1.08x10 mol T1 65 °C, Tf 500 °C, P 1.53.2x102  Ton, t 5 mm) gave 
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ethylbenzene 140 (72 mg, 63%); styrene 141 (trace). 
3.2.4 FVP over zeolite A 
Ortho-substituted aromatic nitro compounds were pyrolysed over zeolite 3A 
and zeolite 5A at both 500 °C and 650 °C. Following identification of the products 
of these pyrolyses, pyrolysis of possible intermediates en route to some of these 
products was carried out in order to identify the mechanism of their formation. 
FVP of o-nitrotoluene 52 over zeolite 3A. 
(246 mg, 1.79x10 mol; T 65 °C; Tf 500 °C; 1.04.4x102  Torr; t 10 mm) gave 
o-nitrotoluene 52 (135 mg, 55%); aniline 26 (24 mg, 15%); 6H  7.19-7.10 (2 H, m), 
6.76-6.61 (3 H, m) and 3.6 (2 H, br s); 8 c 146.2 (quat), 129.09, 118.28 and 114.95, 
the 1 H and ' 3 C NMR spectra corresponded with those in the literature. 68 
FVP of 1-ethyl-2-nitrobenzene 126 over zeolite 3A. 
At 500 °C 	(60 mg, 3.97x10' mol; T1 85 °C, Tf 500 °C, 2x102  Ton; t 10 mm) 
gave 1-ethyl-2-nitrobenzene 126 (18 mg, 30%); indole 142 (6 mg, 13%); 6H  8.25 
(114, br s) 7.65 (1 H, d, 3J8.0), 7.41-7.08 (4 H, m) and 6.54-6.57 (114, m); 6c  124.12, 
121.86, 120.63, 119.59, 111.00 and 102.47, two quaternary peaks not apparent, the 
'H and 13 C NMR spectra concurred with those in the literature; 68 2-vinylaniline 143 
(trace); oH 6.70-6.62 (2 H, m), 5.63 (H, dd, 3J 17.4, 2J 1.5) and 5.31 (H, dd, 3J 11.0, 
2j 1.5), the 'H NMR spectrum concurred with that in the literature. 71 
164 
At 650 °C 	(65 mg, 4.30x10' mol; T, 85 °C, T- 650 °C, lx 10.2 Torr; t 10 mm) 
gave indole 142 (8 mg, 16%); aniline 26 (7 mg, 15%); 1-ethyl-2-nitrobenzene 126 
(trace); 2-vinylaniline 143 (trace); styrene 141 (trace). 
FVP of 1-ethyl-2-nitrobenzene 126 over zeolite 5A. 
At 500 °C 	(59 mg, 3.91x10 mol; T1 80 °C, 7)- 500 °C, 2x102  Ton; t 10 mm) 
gave 1-ethyl-2-nitrobenzene 126 (14 mg, 23%); indole 142 (2 mg, 4%); 
2-vinylaniline 143 (trace). 
At 650°C 	(66 mg, 4.37x10 mol; T1 80 °C, 7)- 650 °C, 2x102  Ton; t 10 mm) 
gave indole 142 (7 mg, 13%); aniline 26 (6 mg, 15%); 1-ethyl-2-nitrobenzene 126 (4 
mg, 6%); 2-vinylaniline 143 (trace); styrene 141 (trace). 
As possible intermediates in the formation of products from pyrolyses over 
zeolite A indole, indoline, anthranil and 3-methylanthranil were all pyrolysed over 
zeolite 3A at 500 °C. 
FVP of indole 142 over zeolite 3A. 
(61 mg, 5.20x10 mol, T1 85 °C, Tj500 °C, P 1x102  Ton; t 10 mm) gave indole 142 
(46 mg, 75%); m/z 117 (M, 100%). 
FVP of indoline 158 over zeolite 3A. 
(69 mg, 5.80x10 mol; T1 50 °C, 7)- 500 °C, 2x102  Ton; t 10 mm) gave indole 142 
(25 mg, 40%); indoline 158 (18 mg, 26%); 8H  7.40-7.10 (214, m), 6.84 (1 H, t, 
3J8.0), 6.74 (114, d, 3J8.0), 3.58 (114, t, 3J8.0), 3.43 (214, br s) and 3.09 (211, t 
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8c 151.27 (quat), 129.37 (quat), 127.16, 124.59, 118.80, 109.59, 47.16 (Cl 2) and 
29.71 (CH2), the 'H and ' 3C NMR spectra corresponded with those in the literature; 68 
m/z 119(M) 
FVP of anthranil 57 over zeolite 3A. 
(229 mg, 1.92x10 3 mol; T1 40 °C, T 500 °C, P 1.6_2.8x102 Ton; t 15 mm) gave a 
mixture (99 mg) which gave a complex NMR spectrum which showed the presence 
of aniline 26. 
FVP of 3-inethylanthranil 107 over zeolite 3A. 
(114 mg, 8.57x10' mol; T1 70 °C; T 300 °C; P 1 . 0 x 10 2  Ton; t 10 mm) gave 
o-aminoacetophenone 109 (25 mg, 22%); 8H  7.69-7.65 (1H, m), 7.26-7.19 (1H, m), 
6.64-6.57 (2H, m) and 2.53 (3H, s); 6 c 200.69 (quat), 150.15 (quat), 134.29, 131.92, 
118.07 (quat), 117.10, 115.62 and 27.75 (CH 3), the 'H and ' 3C NMR spectra 
corresponded with those in the literature; 68 3-methylanthranil 107 (trace) oH 2.75 (3 
H, s); & 165.64 (quat), 156.91 (quat), 130.75, 122.69, 119.75, 114.68 and 11.88 
(CH3), one quaternary not apparent, the 'H and ' 3 C NMR spectra corresponded with 
those in the literature; 87 indigo 111 (trace); m/z 262.' 
3.2.5 FVP over high silicon large pore zeolites, silica and alumina. 
Ortho-substituted aromatic nitro compounds were pyrolysed over a variety of 
high silicon large pore zeolite, silica and alumina samples. 
Pyrolysis over type Y zeolites, silica and alumina showed similar reactivity 
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with aniline consistently among the major products. This combined oxidation and 
dealkylation was examined in detail with pyrolysis of various possible intermediates 
along with meta and para-substituted compounds by way of a comparison. 
FVP of o-nitrotoluene 52 over zeolite Y. 
At 500 °C 	(257 mg, 1.87x 10  mol; T 65 °C, T- 500 °C, P 1.2x10 2-1.3xl0 
Ton, t 10 mm) o-nitrotoluene 52 (55 mg, 21%); aniline 26 (33 mg, 19%). 
At 600 °C 	(264 mg, 1.93x10 3 mol; Ti °C, Tj 600 °C, P 1.2x10 2-1.1x10 2 Ton, t 
10 mm) gave aniline 26 (15 mg, 8%); compound 146 tentatively identified as 
benzonitrile (6 mg, 3%); 8H  7.72-7.63 (3 H, m) and 7.54-7.49 (2 H, m); &- 132.65, 
132.00, 128.97 and 112.5 (quat), one quaternary peak not apparent, the 'H and ' 3C 
NMR spectra corresponded with those in the literature. 68 
FVP of o-nitrotoluene 52 over zeolite CBV 20A-X16. 
(249 mg, 1.82x10 3 mol; T 85 °C, Tf 500 °C, P 1.0x10 2-1.0x10' Ton, t 5 mm) gave 
o-nitrotoluene 52 (72 mg, 29%); aniline 26 (15 mg, 9%). 
FVP of o-nitrotoluene 52 over zeolite CBV 5526G. 
At 400°C 	(251 mg, 1.83x10 3 mol; Ti 60 °C, Tj 400 °C, P 8.0x10 3-7.5x10 2 
Ton, t 10 mm) gave o-nitrotoluene 52 (58 mg, 23%); aniline 26 (12 mg, 7%). 
At 500 °C 	(239 mg, 1.74x10 3 mol; Ti 60 °C, Tj- 500 °C, P 1.5-6.5x10 2 Ton, t 10 
mm) gave o-nitrotoluene 52 (69 mg, 29%); aniline 26 (24 mg, 15%). 
167 
FVP of o-nitrotoluene 52 over zeolite CBV 780-X16. 
(245 mg, 1.79x10 3 mol; T 65 °C, Tj 500 °C, P 9.010 —8.0x10 2 Ton, t 10 mm) 
gave o-nitrotoluene 52 (124 mg, 5 1%); aniline 26 (23 mg, 14%). 
FVP of o-nitrotoluene 52 over zeolite CBV 720-X16. 
Pellets 	(252 mg, 1.84x10 3 mol; T1 65 °C, Tj 500 °C, P 1.6x10 2-1.5x10' 
Ton, t 10 mm) gave o-nitrotoluene 52 (60 mg, 24%); aniline 26 (32 mg, 19%). 
Powder at 400°C 	(284 mg, 2.07x10 3 mol; T, 80 °C, Tj 400 °C, P 1.5-6.0x10 2 
Ton, t 15 mm) gave o-nitrotoluene 52 (69 mg, 24%); aniline 26 (9 mg, 5%). 
Powder at 500 °C 	(269 mg, 1.96x10 mol; T1 75 °C, Tf 500 °C, P 2.0-8.0x10 2 
Ton, t 15 mm) gave aniline 26 (29 mg, 16%); o-nitrotoluene 52 (trace). 
FVP of o-nitrotoluene 52 over cation exchanged zeolite CBV 720-X16 powder. 
Na doped at 500 °C (293 mg, 2.13x10 mol; T1 90 °C, Tf 500 °C, P 1.5-6.0x10 2 
Ton, t 20 mm) gave aniline 26 (75 mg, 38%). 
Ca doped at 500 °C (293 mg, 2.13x10 3 mol; T, 90 °C, Tf 500 °C, P 1.5-8.0x10 2 
Ton, t 15 mm) gave aniline 26 (119 mg, 41%); o-nitrotoluene 52 (trace); compound 
146 tentatively identified as benzonitrile (trace). 
Ni doped at 400 °C (274 mg, 2.00x10 mol; T1 75 °C, Tf 400 °C, P 1 . 88 . 0x 10 2 
Ton, t 20 mm) gave o-nitrotoluene 52 (43 mg, 16%); aniline 26 (6 mg, 3.5%). 
Ni doped at 500 °C (266 mg, 1.94x10 3 mol; T1 90 °C, Tj 500 °C, P 
2 . 5 x 10 2 1 . 5x 10 1  Ton, t 15 mm) gave aniline 26 (31 mg, 17%); compound 146 
tentatively identified as benzonitrile (trace). 
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FVP of o-nitrotoluene 52 over Grace silica powders. 
SP18-8691 	(266 mg, 1.94x10 mol; T1 80°C, T1500 °C, P 1.4_5.5x102  Ton, t 30 
mm) gave aniline 26 (66 mg, 37%); 146 (trace); 6H  7.70-7.41; öc 132.60, 131.95, 
128.92. 
SP18-8692 	(264 mg, 1.93x 10-3  mol; T 75 °C, Tj 500 °C, P 1.2-3.4x10 2 Ton, t 30 
mm) gave aniline 26 (29 mg, 16%); o-toluidine 76 (11 mg, 5%); oH 7.09-7.04 (2 H, 
m), 6.82-6.67 (3 H, m) and 2.18 (3 H, s); 0c  144.43 (quat), 130.27, 116.79, 122.18 
(quat), 118.43, 114.78 and 17.20 (CH 3), the 'H and ' 3 C NMR spectra corresponded 
with those in the literature. 68 
SP18-8693 	(258 mg, 1.88x10 3 mol; T1 75 °C, Tj 500 °C, P 1.2_7.0x102  Ton, t 30 
mm) gave aniline 26 (51 mg, 29%); o-nitrotoluene 52 (8 mg, 3%). 
FVP of o-nitrotoluene 52 over alumina. 
At 400 °C 	(291 mg, 2.12x10 3 mol; T1 70 °C, Tj400 °C, P 1.73.0x102  Ton, t 30 
mm) gave aniline 26 (58 mg, 29%); o-nitrotoluene 52 (trace). 
At 500 °C 	(303 mg, 2.21x10 3 mol; T1 70 °C, Tf 500 °C, P 1.54.2x102  Ton, t 35 
mm) gave aniline 26 (64 mg, 3 1%). 
Large scale at 400 °C 	(1.997 g, 14.56x10 3 mol; T1 70 °C, Tj 400 °C, P 
2 .08 . 0x 10 2  Ton, t 70 mm) gave o-nitrotoluene 52 (829 mg, 42%); aniline 26 (384 
mg, 28%). 
FVP of o-nitrotoluene 52 over doped alumina. 
KF 	(262 mg, 1.91x10 3 mol; T 60 °C, T400 °C, P 1.7x10 2-1.0x10' Ton, t 30 
mm) gave aniline 26 (13 mg, 7%); toluene 38 (6 mg, 3.5%); o-toluidine 76 (trace). 
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CaO (298 mg, 2.17x10 3 mol; T, 65 °C, T400 °C, P 1.2x10 2-1.1x10' Ton, t 35 
mm) gave aniline 26 (41 mg, 20%). 
MgO (310 mg, 2.26x 10-3  mol; T, 70 °C, Tj 400 °C, P 1.0-2.9x 10-2  Ton, t 25 mm) 
gave aniline 26 (42 mg, 20%). 
FVP of o-nitrotoluene 52 over MgO pellets. 
As a control o-nitrotoluene was pyrolysed over magnesium oxide pellets. 
The pellets were packed in the centre of the silica furnace tube held in place at either 
end by a plug of silica wool. 
At 400°C 	(321 mg, 2.34x10 3 mol; T, 65 °C, T1400 °C, P 1.2x10 2 Ton, t 10 
mm) gave o-nitrotoluene 52 (196 mg, 6 1%). 
At 600 °C 	(313 mg, 2.28x10 3 mol; T 70 °C, Tf 600 °C, P 2 . 6x 10 2_1 . 0x 10 1 
Ton, t 5 mm) gave o-nitrotoluene 52 (203 mg, 65%). 
FVP of 1-ethyl-2-nitrobenzene 126 over zeolite CBV 20A-X16. 
At 500 °C 	(258 mg, 1.71x10 3 mol; T, 100 °C, Tf 500 °C, P 2.0-8.0x10 2 Ton, t 5 
mm) gave 1-ethyl-2-nitrobenzene 126 (81 mg, 31%); aniline 26 (7 mg, 4%); indole 
142 (trace). 
At 600 °C 	(260 mg, 1.72x10 3 mol; T1 100 °C, Tf 600 °C, P 1.2-8.0x10 2 Ton, t 5 
mm) gave aniline 26 (24 mg, 15%); l -ethyl -2-nitrobenzene 126 (35 mg, 13%); 
indole 142 (12 mg, 6%); 2-vinylaniline 143 (trace); styrene 141 (trace). 
FVP of 1-ethyl-2-nitrobenzene 126 over zeolite CBV 5526G. 
(265 mg, 1.75x10 3 mol; T1 80 °C, l'j 500 °C, P 1.4x1021.0x101  Ton, t 10 mm) gave 
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1-ethyl-2-nitrobenzene 126 (105 mg, 40%); aniline 26 (11 mg, 7%); indole 142 (9 
mg, 4%). 
FVP of 1-ethyl-2-nitrobenzene 126 over zeolite CBV 780-X16. 
(263 mg, 1.74x10 3 mol; T1 70 °C, T 500 °C, P 1.4-6.5x10 2 Ton, t 10 mm) gave 
1-ethyl-2-nitrobenzene 126 (92 mg, 35%); aniline 26 (20 mg, 12%); indole 142 (8 
mg, 4%). 
FVP of 1-ethyl-2-nitrobenzene 126 over zeolite CBV 720-X16. 
Pellets 	(270 mg, 1.79x10 3 mol; T1 70 °C, T 500 °C, P 1.2-7.0x10 2 Ton, t 10 
mm) gave 1-ethyl-2-nitrobenzene 126 (82 mg, 30%); aniline 26; (17 mg, 10%); 
indole 142 (trace). 
Powder 	(287 mg, 1.90x10 3 mol; T1 80 °C, T 500 °C, P 2.0-4.8x10 2 Ton, t 15 
mm) gave aniline 26 (28 mg, 16%); 1-ethyl-2-nitrobenzene 126 (9 mg, 3%); indole 
142 (6 mg, 3%). 
FVP of 1-ethyl-2-nitrobenzene 126 over cation exchanged zeolite CBV 720-X16 
powder. 
Na doped 	(279 mg, 1.85x10 3 mol; T, 80 °C, T 500 °C, P 1 . 56 . 0x 10 2  Ton, t 15 
mm) gave aniline 26 (60 mg, 35%); indole 142 (19 mg, 9%); 1-ethyl-2-nitrobenzene 
126 (16 mg, 6%); 1H-indol-2(2H)-one 147 (trace); 8H 3.58 (2 H, s); öc 36.6 (CH 2), 
not fully assigned but data was consistent with those in the literature 67  and that from 
full assignment of 147 from the pyrolysis of 1H-indol-3(211)-one 110 over zeolite 
CBV 20A-X16, see below. 
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Ca doped 	(289 mg, 1.9110 - mol; T1 80'C, T 500 °C, P 1.5-8.Ox10 2 Ton, t 20 
mm) gave aniline 26 (81 mg, 46%); indole 142 (13 mg, 11%). 
Ni doped 	(298 mg, 1.97x10 3 mol; T, 80 °C, Tf 500 °C, P 1.5x10 2-1.3x10" 
Ton, t 20 mm) gave aniline 26 (25 mg, 14%); styrene 141 (5 mg, 3%); indole 142 (8 
mg, 7%). 
FVP of 1-ethyl-2-nitrobenzene 126 over silica tubes internally coated with silica 
gel. 
(74 mg, 4.90x 104  mol, T 70 °C, Tf 500 °C, P 1x102  Ton, t 5 mm) gave 
1-ethyl-2-nitrobenzene 126 (61 mg, 82%). 
FVP of 1-ethyl-2-nitrobenzene 126 over silica gel. 
(275 mg, 1.82x 10  mol; T 90 °C, l'j 500 °C, P 1.6_4.2x102  Ton, t 70 mm) gave 
indole 142 (52 mg, 24%); aniline 26 (36 mg, 21%); 1-ethyl-2-nitrobenzene 126 (14 
mg, 6%); 2-vinylaniline 143 (trace); styrene 141 (trace). 
FVP of 1-ethyl-2-nitrobenzene 126 over Grace silica samples 
SP18-8691 	(282 mg, 1.87x10 3 mol; T, 85 °C, T500 °C, P 1.6-3.4x10 2 Ton, t 45 
mm) gave aniline 26 (27 mg, 15%); indole 142 (12 mg, 6%). 
SP18-8692 	(289 mg, 1.9110 mol; T1 85 °C, T 500 °C, P 1.6-3.2x10 2 Ton, t 40 
mm) gave aniline 26 (29 mg, 16%); indole 142 (23 mg, 10%). 
SP18-8693 	(259 mg, 1.71x10 3 mol; T, 90 °C, l'j 500 °C, P 1.3-2.8x10 2 Ton, t 45 
mm) gave aniline 26 (29 mg, 18%); indole 142 (18 mg, 10%). 
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SP18-8694 	(276 mg, 1.83x 10  mol; T 85 °C, Tj 500 °C, P 1.3-3.2x10 2 Torr, t 50 
mm) gave indole 142 (42 mg, 20%); 2-ethylaniline 148 (19 mg, 9%); oH 7.42-7.10 (2 
H, m), 6.86-6.70 (2 H, m), 3.7 (2 H, br s), 2.55 (2 H, q, 3J7.6) and 1.29 (2 H, t, 3J 
7.6); 0c  143.85 (quat), 128.28, 127.94 (quat), 126.75, 118.78, 115.33, 23.89 (Cl 2) 
and 12.92 (CH 3), the 'H and ' 3 C NMR corresponded to those of the literature; 68 
aniline 26 (18 mg, 11%); 2-vinylaniline 143 (trace). 
Large scale SP18-8694 	(1.053 g 7.68x10 mol; T 90 °C, T1 500 °C, P 
1.3-4.0x10 2 Ton, t 95 mm) gave indole 142 (162 mg, 20%); 2-ethylaniline 148 
(133 mg, 14%); aniline 26 (98 mg, 14%); 2-vinylaniline 143 (36 mg, 14%). 
FVP of 1-ethyl-2-nitrobenzene 126 over silica tubes internally coated with 
alumina. 
At 500 °C 	(140 mg, 9.27x10 mol; T1 70 °C, Tf  500 °C, 1x102  Ton, t 10 mm) 
gave 1-ethyl-2-nitrobenzene 126 (105 mg, 75%); indole 142 (trace); 2-vinylaniline 
143 (trace). 
At 600°C 	(144 mg, 9.54x10mol; T 70 °C, Tf 600 °C, P 2x102  Ton, t 10 mm) 
gave 1-ethyl-2-nitrobenzene 126 (60 mg, 42%); indole 142 (9 mg, 8%); aniline 26 
(trace); 2-vinylaniline 143 (trace). 
FVP of 1-ethyl-2-nitrobenzene 126 over alumina. 
(344 mg, 2.51x10 3 mol; Tj 80 °C, Tf 500 °C, P 1.5-6.0x10 2 Ton, t 45 mm) gave 
aniline 26 (49 mg, 21%); indole 142 (26 mg, 9%); 2-ethylaniline 148 (trace). 
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FVP of 1-ethyl-2-nitrobenzene 126 over doped alumina. 
KF 	(302 mg, 2.00x10 3 mol; T, 80 °C, Tj 400 °C, P 1.2-8.0x10 2 Ton, t 30 mm) 
gave ethylbenzene 140 (30 mg, 14%); 2-ethylaniline 148 (trace); indole 142 (trace); 
2-vinylaniline 143 (trace); styrene 141 (trace). 
CaO (354 mg, 2.34x10 3 mol; T, 90 °C, Tj- 400 °C, P 1.4x10 2—l.0x10' Ton, t 25 
mm) gave aniline 26 (38 mg, 14%); indole 142 (22 mg, 8%); 2-ethylaniline 148 (20 
mg, 8%); 2-vinylaniline 143 (trace). 
MgO (366 mg, 2.42x 10-3 mol; T 90 °C, T400 °C, P 8.5x10 3-3.8x10 2 Ton, t 25 
mm) gave aniline 26 (45 mg, 16%); indole 142 (23 mg, 8%); 2-ethylaniline 148 (18 
mg, 7%); 2-vinylaniline 143 (trace). 
As possible intermediates in the formation of products from pyrolyses over 
the large pore zeolites, silica and alumina, the following were all pyrolysed over 
either the high silicon large pore zeolites or over alumina. 
FVP of indole 142 over Na doped zeolite CBV 720-X16 powder. 
(238 mg, 2.03x10 3 mol; T1 120 °C, Tj-500 °C, P 1.2x10 2 Ton) gave indole 129 (213 
mg, 89%). 
FVP of o-toluidine 76 over zeolite CBV 20A-X16. 
(204 mg, 1.91x10 3 mol; T1 90 °C, Tj 500 °C, P 1.2-7.0x10 1 Ton) gave o-toluidine 76 
(86 mg, 39%); aniline 26 (21 mg, 12%). 
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FVP of nitrobenzene 4 over zeolite CBV 20A-X16 at 500 °C. 
(217 mg, 1.76x10 3 mol; T, 75 °C, T1 500 °C, P 9.0x10 3-4.0x10 2 Ton) gave 
nitrobenzene 4 (44 mg, 20%); 8H  8.18 (2 H, d, 3J 8.7), 7.71-7.64 (1 H, m) and 
7.55-7.47 (2 H, m); 8c 147.96 (quat), 134.51, 129.18 and 123.28, the 'H and 13 C 
NMR spectra corresponded to those in the literature. 68 
FVP of nitrobenzene 4 over zeolite Y at 600 °C. 
(233 mg, 1.89x10 3 mol; T1 65 °C, Tj-600 °C, P 5.5x10 2-1.1x10' Ton) gave aniline 
26 (9 mg, 5%); nitrobenzene 4 (12 mg, 5%); compound 146 tentatively identified as 
benzonitrile (6 mg, 3%). 
FVP of 3-methylanthranil 107 over zeolite CBV 20A-X16. 
(235 mg, 1.76x 10-3  mol; T 65 °C, T 500 °C, P 1.2x10 2-1.1x10' Ton) gave 
1H-indol-2(211)-one 147 (25 mg, 10.6%); s,-, 8.93 (1 H, br s) and 3.50 (2 H, s); 8c  
177.81 (quat), 142.41 (quat), 127.86, 125.20 (quat), 124.41, 122.21, 109.82 and 
36.19 (CH2), the 'H and ' 3C NMR spectra corresponded with those in the literature; 67 
3-methylanthranil 107 (13 mg, 5.5%). 
FVP of 1H-indol-3(2H)-one 110 over zeolite CBV 20A-X16. 
[221mg (decomposition of substrate in the inlet tube resulted in only 134 mg of 110 
volatilising into furnace tube), 1.11x10 3 mol; T1 180 °C, l'j 500 °C, P 1.4-7.0x10 2 
Ton] gave 1H-indol-2(2H)-one 147 (50 mg, 37% based on mass of 110 which left 
the inlet tube); 6H  9.46 (1 H, br s), 7.20-7.15 (2 H, m), 7.01-6.88 (2 H, m) and 3.50 (2 
H, s); öc 178.33 (quat), 142.55 (quat), 127.84, 125.21 (quat), 124.43, 122.26, 109.93 
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and 36.29 (CH2). 
FVP of anthranil 57 over zeolite CBV 5526G at 400 °C. 
(232 mg, 1.95x10 3 mol; T1 40 °C, Tj 400 °C, P 1.1-2.5x10 2 Ton) gave anthranil 57 
(38 mg, 16%); 6H  9.03 (1 H, s), 7.55-7.41 (2 H, m), 7.29-7.16 (1 H, m) and 6.95-6.87 
(1 H, m); 8c  154.34, 130.72, 124.21, 119.48 and 114.91, two quaternary peaks not 
apparent, the 'H and ' 3C NMR spectra corresponded with those in the literature; 68 
aniline 57 (8 mg, 4%). 
FVP of anthranil 57 over zeolite CBV 780-X16 at 500 °C. 
(239 mg, 2.0110 mol; T, 40°C, Tf 500 °C, P 1.0-3.2x10 2 Ton) gave aniline 26 (52 
mg, 28%); anthranil 57 (trace). 
FVP of anthranilic acid 72 over zeolite CBV 5526G at 400 °C. 
(258 mg, 1.88x10 3 mol; T1 140 °C, Tj-400 °C, P 1.2x102  Ton) gave anthranilic acid 
72 (31 mg, 12%); 8H  ([2H6]DMSO) 7.71 (1 H, m), 7.22 (1 H, m), 6.74 (1 H, m) and 
6.52 (1 H, m); 8C  ([2H6]DMSO) 169.50 (quat), 151.39 (quat), 133.61, 131.05, 
116.19, 114.34 and 109.43 (quat), the 'H and ' 3C NMR spectra corresponded with 
those in the literature; 73  aniline 26 (12 mg, 7%); 6H  ([2H6]DMSO) 7.03-6.96 (2 H, m) 
and 6.58-6.45 (3 H, m); 8C  ([2H6]DMSO) 148.43 (quat), 128.68, 115.55 and 113.75, 
the 'H and ' 3C NMR spectra corresponded with those in the literature. 72 
FVP of anthranilic acid 72 over zeolite CBV 780-X16 at 500 °C. 
(259 mg, 1.8910 mol; T 170 °C, Tj 500 °C, P 1.01.9x102  Ton) gave aniline 26 
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(75 mg, 43%); anthranilic acid 72 (trace); 5H  7.99(1 H, d, 3J8.5); 5c 171.43 (quat), 
150.58 (quat), 134.17, 131.75, 116.49, 116.04 and 110.38 (quat). 
FVP of m-nitrotoluene 42 over zeolite CBV 780-X16. 
(268 mg, 1.95x10 mol; T1 65 °C, T 500 °C, P 1.4x10 2-1.0x10' Ton) gave 
m-nitrotoluene 42 (90 mg, 34%). 
FVP of m-nitrotoluene 42 over doped alumina. 
KF doped 	(265 mg 1.93x10 mol; T1 75 °C, Tf400 °C, P 1.2x10 2-1.1x10' Ton) 
gave m-toluidine 152 (32 mg, 16%); oH 7.05 (1 H, t, 3J7.5), 6.61-6.48 (3 H, m), 3.58 
(2 H, br s) and 2.27(3 H, s); Oc  146.29 (quat), 139.06 (quat), 129.10, 119.39, 115.86, 
112.19 and 21.38 (CH,), the 'H and ' 3C NMR spectra corresponded with those in the 
literature; 68 aniline 26 (13 mg, 7%); toluene 38 (9 mg, 5%). 
CaO doped (302 mg 2.20x10 mol; T 75 °C, Tj-400 °C, P 1.2-8.0x10 2 Ton) gave 
m-toluidine 152 (40 mg, 17%); aniline 26 (12 mg, 6%). 
MgO doped (315 mg 2.29x 10  mol; T 80 °C, J'j 400 °C, P 1.7-6.0x10 2 Ton) gave 
m-toluidine 152 (36 mg, 15%); aniline 26 (12 mg, 6%). 
FVP ofp-nitrotoluene 36 over zeolite CBV 780-X16 at 500 °C. 
(259 mg, 1.89x10 3 mol; T1 75 °C, l"j 500 °C, P 1.0-8.0x10 2 Ton) gave p-nitrotoluene 
36 (42 mg, 16%); aniline 26 (5 mg, 3%). 
FVP ofp-nitrotoluene 36 over zeolite Y at 600 °C. 
(265 mg, 1.93x10 3 mol; T 70 °C, I'j 600 °C, P 1.5x10 2 Ton) gave p-nitrotoluene 36 
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(69 mg, 26%); aniline 26 (23 mg, 13%). 
FVP ofp-nitrotoluene 36 over doped alumina. 
KF doped 	(266 mg 1.94x10 3 mol; T, 80'C, T1400 °C, P 1.4-8.0x10 2 Ton) gave 
p-toluidine 48 (3 5 mg, 17%); 8H 6.97(2 H, d, 3J8.5), 6.71-6.57(2 H, m), 4.15(2 H, 
br s) and 2.24 (3 H, s); öc 143.74 (quat), 129.69, 127.71 (quat), 115.20 and 20.39 
(CH3), the 'H and ' 3C NMR spectra corresponded with those in the literature; 68 
aniline 26 (20 mg, 11%); p-nitrotoluene 37 (8 mg, 3%). 
CaO doped (340 mg 2.48x10 3 mol; T, 85 °C, Tj 400 °C, P 1.2x10 2-1.1x10' Ton) 
gave p-toluidine 48 (32 mg, 12%); aniline 26 (23 mg, 10%). 
MgO doped (335 mg 2.44x10 3 mol; T1 80 °C, T 400 °C, P 1.7-5.5x10 2 Ton) gave 
p-toluidine 48 (34 mg, 13%); aniline 26 (23 mg, 10%). 
FVP of ,n-toluidine 139 over zeolite Y. 
(218 mg, 2.03 x10 3 mol; T1 70 °C, T1500 °C, P 1.1x10 2-1.1x10' Ton) gave aniline 
26 (37 mg, 20%); m-toluidine 139 (30 mg, 14%). 67 mg 
FVP of o-nitrotoluene 52 over zeolite Y. 
(257 mg, 1.87x10 3 mol; T 65 °C, T 500 °C, P 1.2x10 2-1.3x10' Ton) 
o-nitrotoluene (55 mg, 21%); aniline (33 mg, 19%). 
FVP of o-nitrotoluene 52 over deuterium soaked zeolite Y. 
(259 mg, 1.89x10 3 mol; T 50 °C, T 500 °C, P 1.2x10 2-1.1x10 1 Ton) gave 
o-nitrotoluene 52 (38 mg, 15%); 8H  7.93 (1 H, d, 3J 8.6), 7.51-7.45 (1 H, m), 
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7.38-7.13 (2 H, m) and 2.60 (3 H, s); 6D  no signal; aniline 26 (23 mg, 13%); oH 
7.15-7.11 (2 H, m), 6.75-6.65 (3 H, m) and 3.67(2 H, br s); 0D  7.19(2 H, br s), 6.80 
(1 H, hr s) and 6.73 (2 H, hr s); m/z 89 (13), 90(18), 91(22), 92 (25), 93 (87), 94 
(100), 95 (64), 96 (29) and 97 (12). 
FVP of aniline 26 over deuterium soaked zeolite Y. 
(196 mg, 2.1 1x10 mol; T 55 °C, T1500 °C, P 1.5-1.9x10 2 Ton) gave aniline 26 (67 
mg, 34%); 8H  7.07-7.01 (2 H, m), 6.67-6.49 (3 H, m) and 3.44 (2 H, br s); 0D  7.18 (2 
H, br s), 6.80 (1 H, br s) and 6.70 (2 H, br s); m/z 89 (23), 90(49), 91(100), 92 (100), 
93 (69), 94 (36), 95 (23), 96 (13) and 97 (8). 
FVP of o-nitrotoluene 52 over zeolite CBV 5526G - consecutive pyrolyses over 
the same batch of zeolite. 
In order to examine the recyclablity of the zeolites for catalysing these 
processes, o-nitrotoluene was pyrolysed over the same 10 g batch of zeolite CBV 
5526G for six repetitions. Between each experiment, the furnace was allowed to 
cool and the catalyst left open to air. Before each run the zeolites were treated in the 
same way as described above for each individual pyrolysis. 
Run 1 (2.008 g, 14.64x10 3 mol; T, 60 °C, T500 °C, P 1.4x10 2-1.5x10' Ton) gave 
o-nitrotoluene 52 (1.162 g, 58%); aniline 26 (0.212 mg, 16%). 
Run 2 (2.004 g, 14.61x10 mol; T1 60 °C, Tf 500 °C, P 1.4x10 2-1.0x10 Ton) gave 
o-nitrotoluene 52 (1.357 g, 67%); aniline 26 (0.089 mg, 7%). 
Run 3 (1.994 g, 14.54x10 3 mol; T, 60 °C, Tf 500 °C, P 1.4x10 2-1.5x10 Ton) gave 
o-nitrotoluene 52 (1.389 g, 70%); aniline 26 (0.160 mg, 12%). 
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Run 4 (2.005 g, 14.62x10 mol; T 65 °C, I'j 500 °C, P 3.0x10 2-1.1x10' Torr) gave 
o-nitrotoluene 52 (1.474 g, 74%); aniline 26 (0.138 mg, 10%). 
Run 5 (1.997 g, 14.56x10 3 mol; T 65 °C, Tj-500 °C, P 1.4x10 2-1.1x10' Ton) gave 
o-nitrotoluene 52 (1.413 g, 7 1%); aniline 26(0.164mg, 12%). 
Run 6 (2.014 g, 14.69x10 3 mol; T, 60 °C, Tj- 500 °C, P 3.0x10 2-1.5x10 1 Ton) 
(1.573g) gave o-nitrotoluene 52 (1.399 g, 69%); aniline 26 (0.174 mg, 13%). 
Co-pyrolyses of o-nitrotoluene 
A series of co-pyrolysis experiments were carried out with o-nitotoluene 
along with another substrate. Firstly the volatility and reactivity of possible second 
substrates had to be determined. 
FVP of 1-chloro-2-nitrobenzene 156 over alumina. 
(0.335 g, 2.13x10 3 mol; T1 110 °C, 2'j 500 °C, P 4.0x10 2-7.0x10 2 Ton, t 20 mm) 
gave 1-chloro-2-nitrobenzene 156 (112 mg, 33%); 6H  7.90-7.85 (1 H, m) and 
7.58-7.41 (3 H, m); öc 147.86 (quat), 133.17, 131.79, 127.56, 126.90 (quat) and 
125.48 which corresponds to that in the literature. 68 
FVP of 1-fluoro-2-nitrobenzene 155 over alumina. 
(0.312 g, 2.21x10 3 mol; T, 100 °C, T 400 °C, P 3.0x10 2-1.3x10' Ton, t 15 mm) 
gave 1-fluoro-2-nitrobenzene 155 (100 mg, 32%); oH 8.09-8.02 (1 H, m), 6.70-6.62 
(1 H, m) and 7.34-7.29 (2 H, m) which corresponds to that in the literature. 68 
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Simultaneous co-pyrolysis of o-nitrotoluene 52 and 1-chloro-2-nitrobenzene 156. 
Equimolar amounts of both o-nitrotoluene 52 and 1-chloro-2-nitrobenzene 156 were 
put in separate micro test tubes within the same inlet tube tube for pyrolysis. Heating 
the inlet oven to 120 °C caused volatilisation of 1-chloro-2-nitrobenzene 156 first so 
the products were not analysed. 
Simultaneous co-pyrolysis of o-nitrotoluene 52 and 1-fluoro-2-nitrobenzene 155 
over alumina. 
Equimolar amounts of both o-nitrotoluene 52 and 1-fluoro-2-nitrobenzene 155 were 
put in separate micro test tubes within the same inlet tube tube for pyrolysis. Heating 
the inlet oven to 110 °C caused volatilisation of both substrates together. 
[o-nitrotoluene 52 (0.154 g, 1.12x10 3 mol), 1-fluoro-2-nitrobenzene 155 (0.170 g, 
1.20x 10-3   mol); T1 110 °C, T1 400 °C, P 3.0x10 2-1.3x10' Torr, t 20 mm] gave aniline 
26 (80 mg, 37% based on total mass of both substrates). 
Simultaneous co-pyrolysis of m-nitrotoluene 43 and 1-fluoro-2-nitrobenzene 155 
over alumina 
Equimolar amounts of both m-nitrotoluene 43 and 1-fluoro-2-nitrobenzene 155 were 
put in separate micro test tubes within the same inlet tube tube for pyrolysis. Heating 
the inlet oven to 110 °C caused volatilisation of 1-fluoro-2-nitrobenzene 155 first so 
the products were not analysed. 
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Simultaneous co-pyrolysis of m-nitrotoluene 43 and 1-chloro-2-nitrobenzene 156 
over alumina 
Equimolar amounts of both m-nitrotoluene and 1-chloro-2-nitrobenzene 156 were put 
in separate micro test tubes within the same inlet tube tube for pyrolysis. Heating the 
inlet oven to 140 °C caused volatilisation of both substrates together. 
[m-nitrotoluene 43 (0.150 g, 1.1 Ox! O mol), 1 -chloro-2-nitrobenzene 156 (0.192 g, 
1.22x10 3 mol); 1', 140 °C, Tj 400 °C, P 1.2x10 2-1.5x10' Torr, t 20 mm] gave aniline 
26 (71 mg, 33% based on total mass of both substrates). 
Consecutive co-pyrolysis of o-nitrotoluene 52 and 1-fluoro-2-nitrobenzene 155 
over alumina 
o-Nitrotoluene 52 and 1-fluoro-2-nitrobenzene 155 were pyrolysed consecutively 
without opening the system to air. This was carried out using the inlet tube shown in 
figure 11 (Section 2.2.8.1.5) where the 1-fluoro-2-nitrobenzene 155 was placed in the 
round-bottom flask with the tap closed. o-Nitrotoluene 52 was pyrolysed and after a 
five minute gap, the tap was opened and the 1-fluoro-2-nitrobenzene 155 was 
volatilised by heating the flask with a hot-air gun. 
[o-nitrotoluene 52 0.162 g, 1.18x10 3 mol; T 90 °C, I'j 400 °C, P 1.2x10 2-6.0x10 2 
Ton, t 10 mm; 1-fluoro-2-nitrobenzene 155 0.170 g, 1.20x10 3 mol; T 400 °C, P 
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Figure 12: Flow pyrolysis apparatus. 
Flow pyrolysis experiments were conducted using the sets of apparatus 
shown in figure 29. This three-zone furnace was designed to give more control over 
the reactivity than was capable with a smaller, single-zone vertical furnace, which 
had previously been used within the group. The capabilities of the new furnace had 
to be examined before any reactions could be carried out with it. Firstly a detailed 
study of the thermal convection within the furnace was undertaken, the results of 
which are discussed in Section 2.3.1. The temperatures within the separate zones of 
the furnace were electronically controlled by a Carbolite GZF 12/38/622 temperature 
control unit. 
Flow pyrolysis experiments were conducted using the set of apparatus 
described in Section 2. The system for trapping products was one which had been 
developed previously within the group. 48 The trapping system is designed to most 
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effectively condense the products which exit the furnace as a stream of hot mist. The 
first product trap, attached to the bottom of the furnace tube, was based on the design 
of a preparative GC trap. Its design was to allow the hot material exiting the furnace 
to be slowly cooled by the gases surrounding the centre pipe which are themselves 
only slightly cooled. The gas flow then proceeds along an air condenser to the 
bottom of a water-cooled, double-surface condenser with a round-bottomed flask 
beneath it. The top of the condenser was attached by rubber tubing to a Dreschel trap 
which was also attached to an inverted funnel in a beaker of iced-water. The adapter, 
round-bottomed flask and Dreschel trap were all loosely filled with glass wool to 
increase the surface area for the condensation of products and the round-bottomed 
flask and Dreschel trap were immersed in ice water. The carrier gas was emitted by 
bubbling through the water beaker; this trapped ammonia when it was used as the 
carrier gas and also trapped a small amount of organic material in some cases. 
The carrier gases were introduced through the rubber septum via a needle. 
The needle was attached to a needle valve which could be used to control the flow 
rate. The flow rate of the carrier gas was set to the desired level once the furnace had 
heated up to the required temperature. This was achieved by attaching a Platon flow 
meter to the rubber tube at the end of the trapping system, in place of the funnel. The 
needle valve was then adjusted until a steady reading of the required flow rate was 
obtained on the flow meter. The meter was then removed and the funnel replaced. A 
mass adjustment had to be made when using ammonia as the flow gas since the flow 
meter had been calibrated for nitrogen. This was done by multiplying the desired 
ammonia flow rate by the molecular mass of nitrogen gas and then dividing that 
value by the molecular mass of ammonia gas i.e. for ammonia flow of 100 cm  min -1 
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the value on the flow meter was 160 cm  min' (100 x28117). 
The substrate to be pyrolysed was also injected through the rubber septum via 
syringe with the injection rate controlled by either a Perfusor VI or Razel syringe 
pump. The substrate to be pyrolysed was placed in a pre-weighed syringe and 
assembled within the apparatus so that the point of the syringe needle was just below 
the silica wool plug. This is to avoid the substrate volatilising and consdensing just 
underneath the rubber septum. The reaction is started by switching on the syringe 
pump. At the end of the reaction the syringe is removed and reweighed exactly to 
calculate the amount of substrate that had been injected. 
Products from the reaction were collected by dissolving in solvent from each 
of the traps, combined and concentrated under reduced pressure. If there was any 
observable material in the water trap this was extracted into a suitable solvent, dried 
and concentrated under reduced pressure. 
With the three-zone furnace various methods of packing were used within the 
furnace tube as described in turn below. Where used, both porcelain saddles and 
zeolite extrusions were held in place at either end by a silica wool plug. Zeolites 
(10 g) were placed in the centre of the furnace tube and were roasted in the furnace 
tube for 2 hours at reaction temperature before the substrates were injected into the 
furnace. 
In most cases a mixture of products was obtained and the components were 
identified mainly from 'H and ' 3C NMR spectra. Where possible, percentage yields 
are estimated from the integrals in the 'H spectrum. However, where there were 
overlapping peaks in the 'H spectrum, the yields were calculated from the ' 3C NMR 
spectrum. This can be done with a two component mixture by comparing the peak 
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heights against those of an accurately prepared 1:1 mixture of those two components. 
The ratio of the intensity of a peak from one product versus the intensity of a peak 
from the other product was normalised against the same ratio from the 1:1 mixture. 
This process was repeated for each peak in the products and the mean value taken as 
the molar ratio of the products. Since the same products were seen repeatedly their 
spectral data will be given in the first instance only. Further NMR data for repeated 
products will be included in the appendix. In cases where further product was 
extracted from the water beaker, the spectroscopic data quoted are those from the 
products collected from the traps. The products from the water beaker are, however, 
included in the calculation of yields. 
Results are quoted as follows: quantity of substrate, quantity of solvent 
(where used), substrate flow rate, nitrogen gas flow rate F and injection point, 
ammonia gas flow rate Fa and injection point, top zone of furnace temperature T1 , 
middle zone temperature Tm , bottom zone temperature Tb, products. 
Initially flow pyrolysis of methyl anthranilate was carried out at a range of 
temperatures throughout the three zones. This was in order to determine the 
temperature at which complete reaction would occur. These reactions were all 
carried out with the centre reaction zone hotter than the other two zones and with the 
point of injection of the ammonia trapping gas at the bottom of the reaction zone. 
The centre zone was also packed with porcelain saddles, held in place at the top and 
bottom by a silica wool plug, in order to increase the efficiency of the heat transfer in 
this zone. 
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Flow pyrolysis of methyl anthranilate 73 with porcelain saddles in middle zone. 
Top zone 200 °C, middle zone 400 °C, bottom zone no heating 
(0.532 g, 3.52x10 mol) neat, 1.2 cm 3 h', F 200 cm' min- ' injected at top of 
furnace, Fa 100 cm  min- ' injected at top of bottom zone, T1 200 °C, Tm 400 °C, Tb no 
heat. The crude products were collected into dichloromethane which was then 
removed under reduced pressure to yield unreacted methyl anthranilate 73 (0.262 g, 
49%); oH 7.85 (1H, d, 3J 8), 7.29-7.20 (1H, m), 6.66-6.59 (2H, m), 5.70 (211, br s) 
and 3.85 (311, s); 0c  168.45(quat), 150.38 (quat), 133.92, 131.09, 116.54, 116.06, 
110.58 (quat) and 51.32 (CH,), the 'H and ' 3C NMR spectra concurred with those in 
the literature. 68 
Top zone 200 °C, middle zone 400 °C, bottom zone 200 °C 
(0.825 g, 5.46x 10-3  mol) neat, 1.2 cm3 h 1 , F 200 cm3 min- ' injected at top of 
furnace, Fa 100 cm  min- ' injected at top of bottom zone, T 200 °C, Tm 400 °C, Tb 
200 °C. The crude products were collected into dichloromethane which was then 
removed under reduced pressure to yield unreacted methyl anthranilate 73 (0.407 g, 
49%). 
Top zone 200 °C, middle zone 600 °C bottom zone 300 °C 
(0.429 g, 2.84x10 mol) neat, 1.2 cm 3 Ii', F 200 cm3 min- ' injected at top of 
furnace, Fa 100 cm  min- ' injected at top of bottom zone, T 300 °C, Tm 600 °C, Tb 
300 °C. The crude products were collected into dichioromethane which was then 
removed under reduced pressure to yield products. The ' 3C NMR gave a complex 
spectrum with the only identifiable product being aniline 26 (0.091 g, 34%); 8H 
7.25-6.66 (5H, m) and 3.57 (211, br s); Oc  146.29 (quat), 129.16, 118.40 and 115.00, 
the 'H and ' 3C NMR spectra concurred with those in the literature. 68 
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Since it can be seen that the temperature required for reaction is 600 °C this 
was maintained as the temperature of the centre reaction zone. The top and bottom 
zones were chosen to be 400 °C. However, since reaction at 600 °C led to 
conversion to aniline it is clear that the ammonia is not effective as a trapping 
nucleophile when injected at the bottom of the middle zone. Therefore, with the 
temperature of each of the zones kept constant, methyl anthranilate was pyrolysed 
with the point of injection of ammonia varied. 
Flow pyrolysis of methyl anthranilate 73 with porcelain saddles in middle zone. 
Ammonia injected at top of middle zone 
(1.069 g, 7.07x10 mol) neat, 1.2 cm 3 h', F 200 cm3 min- ' injected at top of 
furnace, Fa 100 cm  min - ' injected at top of middle zone, T 400 °C, Tm 600 °C, Tb 
400 °C. The crude products were collected into dichloromethane which was then 
removed under reduced pressure to yield the products (0.574 g). Extraction of the 
water trap by dichioromethane yielded a further 25 mg. The ' 3 C NMR spectrum 
showed the presence of a clean mixture of anthranilonitrile 75 (0.459 g, 55%); 8H 
7.37-6.66 (4H, m) and 4.45 (2H, br s); 6c  148.58 (quat), 133.89, 132.19, 117.76, 
117.60 (quat), 115.04 and 95.70 (CN); aniline 26(0.140 g, 21%). 
Ammonia injected at centre of furnace 
(1.171 g, 7.75x10 3 mol) neat, 1.2 cm 3 h', F 200 cm3 min- ' injected at top of 
furnace, Fa 100 cm  min- ' injected at centre of furnace, T, 400 °C, Tm 600 °C, Tb 
400 °C. The crude products were collected into dichloromethane which was then 
removed under reduced pressure to yield the products (0.334 g). Extraction of the 
water trap by dichloromethane yielded a further 67 mg. The ' 3C NMR spectrum 
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showed the presence of a clean mixture of anthranilonitrile 75 (0.230 g, 25%); 
aniline 26(0.171 g, 24%). 
Ammonia injected at top of furnace 
(1.765 g, 1.17x10 2) neat, 1.2 cm3 h 1 , F 200 cm3 mind injected at top of furnace, Fa  
100 cm  mind injected at top of furnace, T1 400 °C, Tm 600 °C, Tb 400 °C. The crude 
products were collected into dichloromethane which was then removed under 
reduced pressure to yield products (1.067 g). Extraction of the water trap by 
dichioromethane yielded a further 46 mg. The ' 3C NMR spectrum was a clean 
mixture of anthranilonitrile 75 (0.870 g, 63%); aniline 26 (0.240 g, 22%). 
It was taken from this that injection of ammonia was equally effective at 
trapping the intermediate as anthranilonitrile at the top of the furnace as it was at the 
top of the middle zone. Therefore, since from a practical point of view it is easier to 
inject both gases at the top of the furnace, ammonia was injected at the top of the 
furnace but with the amount of ammonia and nitrogen varied. 
Flow pyrolysis of methyl anthranilate 73 with porcelain saddles in middle zone. 
50 cm  min- ' Ammonia. 
(1.716 g, 11.36x 10-3  mol) neat, 1.2 cm' h', F 250 cm3 min- ' injected at top of 
furnace, Fa 50 cm  min- ' injected at top of furnace, T, 400 °C, Tm 600 °C, Tb 400 °C. 
The crude products were collected into dichloromethane which was then removed 
under reduced pressure to yield the products (1.018 g). Extraction of the water trap 
by dichloromethane yielded a further 42 mg. The ' 3 C NMR spectrum showed the 
presence of a clean mixture of anthranilonitrile 75 (0.810 g, 60%); aniline 26 (0.250 
g, 24%). 
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100 Cm  min-' Ammonia. 
(1.765 g, 1.17x10 2) neat, 1.2 cm3 h', 200 cm  min t injected at top of furnace, 
100 cm  mind injected at top of furnace, T1 400 °C, Tm 600 °C, Tb 400 °C. The crude 
products were collected into dichioromethane which was then removed under 
reduced pressure to yield products (1.067 g). Extraction of the water trap by 
dichioromethane yielded a further 46 mg. The ' 3C NMR spectrum was a clean 
mixture of anthranilonitrile 75 (0.870 g, 63%); aniline 26 (0.240 g, 22%). 
200 cm  min' Ammonia 
(1.948 g, 12.90x10 mol) neat, 1.2 cm3 h- 1 , F 100 cm3 mind injected at top of 
furnace, Fa 200 cm  mind injected at top of furnace, 7' 400 °C, Tm 600 °C, Tb 400 °C. 
The crude products were collected into dichloromethane which was then removed 
under reduced pressure to yield the products (1.004 g). Extraction of the water trap 
by dichioromethane yielded a further 0.231 g. The 1 3  C NMR spectrum showed the 
presence of a clean mixture of anthranilonitrile 75 (1.045 g, 69%); aniline 26 (0.190 
g, 16%). 
250 cm3 mm' Ammonia. 
(1.496 g, 9.91x10' 3 mol) neat, 1.2 cm3 h', F 60 cm3 mind injected at top of furnace, 
Fa 250 cm3 min' injected at top of furnace, T1 400 °C, Tm 600 °C, Tb 400 °C. The 
crude products were collected into dichioromethane which was then removed under 
reduced pressure to yield the products (0.760 g). Extraction of the water trap by 
dichioromethane yielded a further 0.150 g. The ' 3C NMR spectrum showed the 
presence of a clean mixture of anthranilonitrile 75 (0.778 g, 67%); aniline 26 (0.132 
g, 14%). 
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300 cm  mm' Ammonia. 
(2.083 g, 13.79x10 mol) neat, 1.2 cm3 h', F 0 cm  min 1 , Fa 300 cm  mm 4 
injected at top of furnace, T1 400 °C, Tm 600 °C, Tb 400 °C. The crude products were 
collected into dichioromethane which was then removed under reduced pressure to 
yield the products (1.187 g). Extraction of the water trap by dichloromethane yielded 
a further 0.180 g. The 1 3  C NMR spectrum showed the presence of a clean mixture of 
anthranilonitrile 75 (1.194 g, 74%); aniline 26 (0.173 g, 14%). 
The efficiency of the nucleophilic trapping by the ammonia flow gas was also 
examined with the flow pyrolysis of anthranil. For these experiments all of the 
variables were kept the same as was used above for methyl anthranilate with the ratio 
of the two flow gases varied.\ 
Flow pyrolysis of anthranil 57 with porcelain saddles in middle zone. 
50 cm  mm' Ammonia. 
(1.780 g, 14.96x 10-3  mol) neat, 1.2 cm3 111,  F 250 cm3 min i injected at top of 
furnace, Fa 50 cm  min- ' injected at top of furnace, T1 400 °C, Tm 600 °C, Tb 400 °C. 
The crude products were collected into dichloromethane which was then removed 
under reduced pressure to yield the products (0.929 g). Extraction of the water trap 
by dichloromethane yielded a further 0.126 g. The ' 3C NMR spectrum showed the 
presence of a clean mixture of anthranilonitrile 75 (0.956 g, 54%); aniline 26 (0.099 
g, 7%). 
100 cm  min' Ammonia. 
(1.961 g, 16.48x10 mol) neat, 1.2 cm3 h', F 200 cm3 min' injected at top of 
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furnace, Fa 100 cm  min- ' injected at top of furnace, T, 400 °C, Tm 600 °C, Tb 400 °C. 
The crude products were collected into dichloromethane which was then removed 
under reduced pressure to yield the products (1.12 1 g). Extraction of the water trap 
by dichioromethane yielded no further products. The ' 3C NMR spectrum showed the 
presence of a clean mixture of anthranilonitrile 75 (0.834 g, 43%); aniline 26 (0.287 
g, 19%). 
200 cm3 min Ammonia. 
(2.104 g, 17.68x10 mol) neat, 1.2 cm3 h- 1 , F 100 cm3 min- ' injected at top of 
furnace, Fa 200 cm  min- ' injected at top of furnace, T 400 °C, Tm 600 °C, Tb 400 °C. 
The crude products were collected into dichloromethane which was then removed 
under reduced pressure to yield the products (0.992 g). Extraction of the water trap 
by dichioromethane yielded a further 0.185 g. The 1 3  C NMR spectrum showed the 
presence of a clean mixture of anthranilonitrile 75 (1.026 g, 49%); aniline 26 (0.151 
g, 9%). 
250 cm  mm' Ammonia. 
(2.025 g, 17.02x10 mol) neat, 1.2 cm3 h', F 60 cm3 min- ' injected at top of 
furnace, Fa 250 cm  min' injected at top of furnace, T, 400 °C, Tm 600 °C, Tb 400 °C. 
The crude products were collected into dichloromethane which was then removed 
under reduced pressure to yield the products (0.878 g). Extraction of the water trap 
by dichloromethane yielded a further 0.435 g. The ' 3 C NMR spectrum showed the 
presence of a clean mixture of anthranilonitrile 75 (1.221 g, 61%); aniline 26(0.092 
g, 6%). 
300 cm3 mm' Ammonia. 
(1.804 g, 15.16x10 3 mol) neat, 1.2 cm3 h- 1 , F 0 cm3 min 1 , Fa 300 cm3 min- ' 
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injected at top of furnace, T1 400 °C, T,, 600 °C, Tb 400 °C. The crude products were 
collected into dichioromethane which was then removed under reduced pressure to 
yield the products (0.973 g). Extraction of the water trap by dichioromethane yielded 
a further 0.256 g. The ' 3C NMR spectrum showed the presence of a clean mixture of 
anthranilonitrile 75(1.113 g, 62%); aniline 26(0.116 g, 8%). 
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Flow Pyrolysis over zeolite Y catalyst 
Flow pyrolysis of o-nitrotoluene was carried out over zeolite Y under a range 
of conditions. FVP of both o-nitrotoluene and 1 -ethyl-2-nitrobenzene over zeolite Y 
was found to give aniline and any intramolecular intermediates in this reaction might 
be trapped by ammonia in a similar way as was seen above with methyl anthranilate 
and anthranil. 
For the following three experiments o-nitrotoluene was pyrolysed over zeolite 
Y with the temperature in all three zones maintained at 450 °C. For the first two 
experiments the zeolite was tightly packed in the centre of the furnace tube, held in 
place with a silica wool plug. The reaction was carried out with nitrogen and 
ammonia gas flow separately. 
Flow pyrolysis of o-nitrotoluene 52 over zeolite Y. 
Ammonia flow. 
(2.039 g, 14.88x10 3 mol) neat, 1.2 cm 3 h4 , F 0 cm3 min 1 , Fa 300 cm3 min- ' 
injected at top of furnace, T1 450 °C, Tm 450 °C, Tb 450 °C. The crude products were 
collected into dichloromethane which was then removed under reduced pressure to 
yield the products (0.237 g). Extraction of the water trap by dichloromethane yielded 
a further 24 mg. The 13 C NMR spectrum showed the presence of a clean mixture of 
aniline 26 (152 mg, 11%); o-nitrotoluene 52 (110 mg, 5%). 
Nitrogen flow. 
(1.991 g, 14.53x 10-3  mol) neat, 1.2 cm3 h', F 300 cm3 min- ' injected at top of 
furnace, Fa 0 cm  min 1 , T, 450 °C, Tm 450 °C, Tb 450 °C. The crude products were 
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collected into dichloromethane which was then removed under reduced pressure to 
yield the products (55 mg). Extraction of the water trap by dichioromethane yielded 
no further products. The ' 3C NMR spectrum showed the presence of a clean mixture 
of o-nitrotoluene 52 (42 mg, 2%); aniline 26 (13 mg, 1%). 
Due to the very low accountability of products, the zeolite sample was 
surrounded by porcelain saddles throughout the middle zone and glass wool in the 
top zone. This was designed to prevent the substrate from dripping straight onto the 
zeolite and instead allow a more gradual introduction to the zeolite surface. This was 
carried out with a mixture of ammonia and nitrogen carrier gas both injected at the 
top of the furnace. 
Flow pyrolysis of o-nitrotoluene 52 over zeolite Y surrounded by porcelain 
saddles. 
(1.906 g, 13.91x 10-3  mol) neat, 1.2 cm3 h', F 200 cm3 min- ' injected at top of 
furnace, Fa 100 cm3 min- ' injected at top of furnace, T 450 °C, Tm 450 °C, Tb 450 °C. 
The crude products were collected into dichloromethane which was then removed 
under reduced pressure to yield the products (0.108 g). Extraction of the water trap 
by dichloromethane yielded no further products. The ' 3C NMR spectrum showed the 
presence of a clean mixture of aniline 26 (0.091 g, 7%); o-toluidine 76 (17 mg, 1%); 
H 7.02-6.90 (2H, m), 6.86-6.76 (3 H, m) and 3.62 (2H, m); öc 144.42 (quat), 130.28, 
126.80, 122.18 (quat), 118.45, 114.80 and 17.16 (CH 3). 
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3.4 	Solution phase reactions 
3-Methylanthranil 107. ° 
o-Nitroacetophenone 108 (1.050 g, 6.4x10 mol) was suspended with stirring in 
water (3 cm3) and 10% aqueous ammonium chloride solution (1 cm 3). The reaction 
mixture was heated to 40 °C before zinc dust (1.6 g) was added portionwise. After 
zinc addition was complete the reaction mixture was allowed to stir for 10 mm. Zinc 
residues were filtered off over celite and the filtrate was extracted thoroughly with 
ether. The organic layer was dried (MgSO 4) and the solvent was removed under 
reduced pressure to yield a mixture of products which were separated by dry flash 
column chromatography over silica with 5% ethyl acetate in hexane to give 
3-methylanthranil 107 (0.534 g, 63%); oH 7.53 (1H, d 3J 9.0), 7.46 (11-1, d 3J 9.0), 
7.25 (111, dd 3J9.0, 6.0), 6.91 (1H, dd 3J9.0, 6.0), and 2.77 (3H, s); 0c  165.62 (quat), 
156.97 (quat), 130.74, 122.70, 119.78, 115.55 (quat), 114.77 and 11.91 (CH 3), the 111 
13 	 49 and C NMR spectra corresponded with those in the literature; m/z 133 (M+, 80/o) 
and 104 (100); o-Aminoacetophenone 108 (0.389 g, 45%); 0H  7.72-7.68 (11-1, m), 
7.28-7.21 (111, m), 6.66-6.60 (2H, m), 6.24 (2H, br s), and 2.56 (3H, s); Oc  200.73 
(quat), 150.19 (quat), 134.33, 131.99, 118.18 (quat), 117.15, 115.69 and 27.82 (CH 3), 
1 	13 	 68 	 + the H and C NMR spectra corresponded to those of the literature; m/z 135 (M 
59%) and 120 (100). 
Attempted preparation of 3-Methylanthranil. 49 
2-Bromo-2-nitropropane (0.42 g, 2.5x10 3 mol) was added to a stirred solution of 
o-nitroacetophenone (0.33 g, 2.Ox 10 -3 mol) and zinc dust (0.66 g) in deoxygenated 
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methanol (6 cm3) at 50 °C. The reaction mixture was stirred overnight under a 
nitrogen atmosphere. The solid residue was filtered through celite and the solvent 
removed under reduced pressure. The residue was dissolved in dichloromethane and 
washed with 10% aqueous ammonium chloride solution. The organic layer was 
dried (MgSO4) and the solvent was removed under reduced pressure to yield only 
starting material o-nitroacetophenone (0.32 g, 97%); 8H  8.08 (1H, d 3J8.0), 7.75-7.56 
(2H, m), 7.42 (1H, d 3J8.0) and 2.54 (3H, s); 5c 199.87 (quat), 148.46 (quat), 137.96 
(quat), 134.22, 130.60, 127.28, 124.34 and 30.16 (CH3), the 'H and ' 3C NMR spectra 
concurred with those in the literature. 68 
Methylation of anthranilic acid 
Conditions 1: A suspension of potassium carbonate (2.03 g, 14.7x10 mol) in DMF 
(10 cm) was stirred for 10 min. Anthranilic acid 72 (1.08 g, 7.36x10 mol) and 
methyl iodide (1.92 g, 13.5 x 10-3  mol) were added and the mixture stirred overnight. 
Water (20 cm 3)  was added and the mixture was extracted with ether (3x20 CM)  . The 
combined extracts were washed with water (3 x  15 cm3), dried (MgSO 4) and the 
solvent removed under reduced pressure to yield a yellow oil (1.18 g). The ' 3C NMR 
spectrum of this oil showed that there were five methyl groups indicating that 
methylation had occurred at both functional groups to give methyl anthranilate 
(-40%); oH 3.85 (3H, s); Oc  51.39 (CH3), 110.60 (quat), 116.12, 116.56, 131.10, 
133.98, 150.38 (quat), 168.97 (quat), the 'H and 13 C NMR spectra corresponded with 
those in the literature; 68  methyl N-methylanthranilate 170 (-40%); 8H  2.89 (31-1, s) 
and 3.84 (3H, s); Oc  29.42 (CH3), 51.32 (CH3), 110.51, 114.22, 131.45 and 134.54, 
the 'H and ' 3 C NMR spectra corresponded with those in the literature; 85  methyl 
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N,N-dimethylanthranilate 171 (20%); 8H  2.85 (6H, s) and 3.89 (314, s); öc 51.95 
(CH3), 43.55 (2xCH3), 109.72, 116.56, 131.51 and 132.17, the 'H NMR spectrum 
corresponded with that in the literature. 86 
Conditions b A suspension of potassium carbonate (1.11 g, 8.03x10 mol) in DMF 
(10 cm) was stirred for 10 min. Anthranilic acid 72 (1.01 g, 7.37x10 mol) and 
methyl iodide (1.15 g, 8.07x10 mol ) were added and the mixture was left to stir. A 
sample (1 cm 3)  of the reaction mixture was removed after 30 min and separated as 
above. A further sample (1 cm 3)  was removed after 60 min and separated in the 
same way. The initial sample was identified as mainly methyl anthranilate 73 
(methyl peak at 5c 51.41) with a small amount of methyl N-methylanthranilate 170 
(methyl peaks at öc 29.45 and 51.34). The second sample taken was found to be 
nearly identical to the first, mainly methyl anthranilate with a small amount of 
methyl N-methylanthranilate. 
Conditions c : A suspension of potassium carbonate (0.51 g, 3.72x10 mol) in DMF 
(10 cm) was stirred for 10 min. Anthranilic acid (1.00 g, 7.30x10 mol) and methyl 
iodide (1.05 g, 7.41x10 mol) were added and the mixture was left to stir. A sample 
(1 cm) of the reaction mixture was removed after 10 min and separated as above. 
The sample was identified as mainly methyl anthranilate 73 (methyl peak at 6c 
51.45) with a small amount of methyl N-methylanthranilate 170 (methyl peaks at 6c 
29.44 and 51.45). 
Conditions d : A suspension of potassium carbonate (0.53 g, 3.83x10 mol) in DMF 
(10 cm) was stirred for 10 min. Anthranilic acid 72 (1.00 g, 7.30x10 mol) and 
methyl iodide (10.36 g, 73.0x10 mol) were added and the mixture was left to stir. 
A sample (1 cm 3)  of the reaction mixture was removed after 10 min and separated as 
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above. The sample was identified as mainly methyl anthranilate 73 (methyl peak at 
c 51.45) with a small amount of methyl N-methylanthranilate 170 (methyl peaks at 
c 29.45 and 51.45). 
Solution rearrangement of o-nitrotoluene to anthranilic acid 
Anthranilic acid 72.3336 
A mixture of o-nitrotoluene 52 (5.10 g, 3.7x102  mol; potassium hydroxide (5.92 g, 
0.1 mol; water (10 g) and 2-methoxyethanol (30 cm 3)  was stirred overnight at 
100 °C. The solvent was removed, the residue was dissolved in water and extracted 
with ether. The extracts were dried (MgSO 4) and the solvent removed under reduced 
pressure to give a mixture of products which were separated by dry-flash column 
chromatography on silica eluting from 10% ethyl acetate in hexane with a 5% 
gradient. The products eluted from the column in the order o-nitrotoluene 52 (17%); 
3H 7.98-7.93 (111, m), 7.53-7.45 (111, m), 7.36-7.29 (2H, m) and 2.59 (3H, s); öc 
149.67(quat), 134.00 (quat), 133.44, 133.18, 127.31, 125.07 and 20.87 (CH3), the 'H 
and 13  C NMR spectra corresponded to those in the literature; 68  m/z 137 (M+, 100%); 
di-o-tolyl-diazene-N-oxide 176 (3.5%); 8H  8.05-8.01 (1H, m), 7.70-7.64 (1H, m), 
7.39-7.24 (611, m), 2.52 (3H, s) and 2.37 (3H, s); öc,  131.74, 130.74, 129.98, 128.54, 
126.55, 126.01, 123.53, 121.18, 18.40 (CH3) and 18.37 (CH 3), four quaternary peaks 
not apparent; m/z 226 (M 76%), 225 (60), 211 (100) and 104 (78), the 'H and 13 C 
NMR spectra concurred with those in the literature; 88  o-toluidine 76 (6.5%); SH 
7.11-7.02 (2H, m), 6.86-6.74 (211, m), 4.14 (2H, hr s) and 2.22 (3H, s); 8 C 143.11 
(quat), 130.46, 126.90, 123.15 (quat), 119.49, 115.65 and 17.34 (CH 3 ), the 'H and 
199 
' 3C NMR spectra corresponded with those in the literature; 68 m/z 107 (M, 100%) 
and 91(41). 
The pH of the aqueous layer was reduced to 3.4 and the extraction with ether 
repeated. The extracts were dried (MgSO 4) and the solvent removed under reduced 
pressure. The residue was purified by dry flash column chromatography on silica to 
give anthranilic acid 72 (14%); 8H 7.95-7.91 (114, m), 7.34-7.28 (114, m) and 
6.71-6.64 (214, m); 6c  173.64 quat), 151.05(quat), 135.10, 132.10, 116.76, 116.44 
and 109.50 (quat), the 'H NMR spectrum concurred with that of an authentic sample; 
m/z 137 (Mt, 74%),119 (100) and 92 (69). 
The following reactions were carried out on the base catalysed reaction of 
o-nitrotoluene, with the formation of anthranilic acid monitored by HPLC. Reaction 
mixtures were maintained at the specified temperature by a thermocouple controlled 
oil bath. Samples (-0.5 g) were taken at regular intervals for HPLC analysis to 
monitor the formation of anthranilic acid. Samples were made - up with 20 ml 0.2 M 
ammonium acetate in methanol, 40 ml methanol made up to 100 ml with water. 
HPLC eluent was 69.3 : 29.7 : 1, water: acetonitrile : acetic acid with a flow rate of 
1.5 ml/min. Final samples of reaction mixture were also analysed by both chemical 
ionisation and electron impact GC-MS, the solution being made up in 
dichloromethane. The results from the final reaction mixtures are shown here, the 
HPLC results for the individual samples along with the GC-MS results are shown in 
the appendix (Section 4.4). Reaction numbers refer to their entry in table 13 (Section 
2.4). All masses were measured to four decimal places, for accuracy in the HPLC 
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calculation, but are rounded to 2 decimal places for o-nitrotoluene and to the nearest 
gram for solvents. 
1 	o-Nitrotoluene 52 (5.66 g, 34.0 mmol) was injected over the course of one 
hour to a stirred solution of NaOH (32% aq., 40 g) and TBAHS at 100 °C and stirred 
for a total of 32 h. HPLC showed the final reaction mixture contained anthranilic 
acid 72 (12%) and o-nitrotoluene 52 (32%). 
For reactions 2-18, o-nitrotoluene 52 was injected over the course of one hour to a 
heated, stirred mixture of aqueous basic solution (KOH, NaOH or LiOH) with an 
organic solvent and a phase transfer catalyst. 
2 	o-Nitrotoluene 52 (5.29 g, 38.6 mmol) in NaOH (47% aq., 30 g) and PEG 
300 (30 g) at 80 °C for 16 h gave anthranilic acid 72 (4%) and o-nitrotoluene 52 
(74%). 
3 	o-Nitrotoluene 52 (5.26 g, 38.4 mmol) in NaOH (47% aq., 30 g) and PEG 
300 (30 g) at 100 °C for 2 h gave anthranilic acid 72 (11%). 
4 	o-Nitrotoluene 52 (4.83 g, 35.3 mmol) in NaOH (47% aq., 30 g), PEG 300 
(30 g) and TBAHS (0.5 g) at 80 °C for 5 h gave anthranilic acid 72 (16%). 
5 	o-Nitrotoluene 52 (5.28 g, 38.6 mmol) in NaOH (47% aq., 30 g), PEG 300 
(30 g) and TBAHS (0.5 g) at 100 °C for 2 h gave anthranilic acid 72 (13%). 
6 o-Nitrotoluene 52 (5.49 g, 40.1 mmol) in NaOH (32% aq., g), PEG 300 (30 
g) and TBAHS (0.5 g) at 80 °C for 18 h gave anthranilic acid 72 (6%) and 
o-nitrotoluene 52 (65%). 
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7 	o-Nitrotoluene 52 (5.68 g, 41.4 mmol) in NaOH (47% aq., 30 g), PEG 300 
(30 g) and TBPB (0.5 g) at 80 °C for 11 h gave anthranilic acid 72 (17%) and 
o-nitrotoluene 52 (trace). 
8 	o-Nitrotoluene 52 (5.78 g, 42.2 mmol) in NaOH (47% aq., 30 g), PEG 300 
(30 g) and PTMAC (0.5 g) at 80 °C for 6 h gave anthranilic acid 72 (17%). 
9 	o-Nitrotoluene 52 (5.15 g, 37.6 mmol) in NaOH (47% aq., 30 g), PEG 300 
(30 g) and TMAI (0.5 g) at 80 °C for 5 h gave anthranilic acid 72 (17%). 
10 	o-Nitrotoluene 52 (5.14 g, 37.5 mmol) in NaOH (47% aq., 30 g), PEG 300 
(30 g) and TBAB (0.5 g) at 80 °C for 5 h gave anthranilic acid 72 (17%). 
11 	o-Nitrotoluene 52 (5.44 g, 39.7 mmol) in NaOH (47% aq., 30 g) and 
2-methoxyethanol (30 g) at 100 °C for 3 h gave anthranilic acid 72 (6%). 
12 	o-Nitrotoluene 52 (5.02 g, 36.6 mmol) in NaOH (47% aq., 30 g), ethanol (30 
g) and TBAHS (0.5 g) at 80 °C for 11 h gave anthranilic acid 72 (6%). 
13 	o-Nitrotoluene 52 (5.06 g, 36.9 mmol) in NaOH (47% aq., 30 g), DCM (30 g) 
and TBAHS (g) at 60 °C for 11 h gave anthranilic acid 72 (trace) and o-nitrotoluene 
52(100%). 
14 	o-Nitrotoluene 52 (5.28 g, 38.6 mmol) in NaOH (47% aq., 30 g), 
chlorobenzene (30 g) and TBAB (0.5 g) at 80 °C for 6 h gave anthranilic acid 72 
(1.3%) and o-nitrotoluene 52 (8 5%). 
15 	o-Nitrotoluene 52 (4.97 g, 36.3 mmol) in NaOH (47% aq., 30 g), 
fluorobenzene (30 g) and TBAB (0.5 g) at 80 °C for 6 h gave anthranilic acid 72 
(trace) and o-nitrotoluene 52 (100%). 
16 	o-Nitrotoluene 52 (5.35 g, 39.1 mmol) in NaOH (47% aq., 30 g), toluene (30 
g) and TBAB (0.5 g) at 80 °C for 5 h gave o-nitrotoluene 52 (100%). 
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17 	o-Nitrotoluene 52 (5.15 g, 37.6 mmol) in KOH (47% aq., 30 g), PEG 300 (30 
g) and TBAB (0.5 g) at 80 °C for 6 h gave anthranilic acid 72 (11%) and 
o-nitrotoluene 52 (40%). 
18 	o-Nitrotoluene 52 (5.20 g, 37.9 mmol) in LiOH (17% aq., g), PEG 300 (30 g) 
and TBAB (0.5 g) at 80 °C for 5 h gave anthranilic acid 72 (1.3%) and o-nitrotoluene 
52(96%). 
19 	o-Nitrotoluene 52 (4.99 g, 36.4 mmol), injected over the course of one hour 
to a stirred solution of 1 ,4-diazabicyclo[2.2.2]octane 188 (TED, 5 g) in ethanol (40 g) 
at 80 °C, gave no reaction after 6 h. 
21 	o-Nitrotoluene 52 (5.72 g, 41.7 mmol), injected over the course of one hour 
to a stirred solution of 20% aq. TED 188 (40 g) with TBAB (0.5 g) at 80 °C, gave no 
reaction after 7 h. 
23 	o-Nitrotoluene 52 (1.98 g, 14.4 mmol), injected over the course of one hour 
to a stirred solution of 32% aq. NaOH (20 g), TED 188 (2 g) with TBAB (0.5 g) at 
80 °C for 6 h, gave anthranilic acid 72 (3%) and o-nitrotoluene 52 (25%). 
24 	o-Nitrotoluene 52 (5.32 g, 38.8 mmol), injected over the course of one hour 
to a stirred solution of 32% aq. NaOH (30 g), PEG 300 (30 g), TED 188 (5 g) with 
TBAB (0.5 g) at 80 °C for 5 h, gave anthranilic acid 72 (2%) and o-nitrotoluene 52 
(88%). 
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20 	o-Nitrotoluene 52 (5 g, mmol), injected over the course of one hour to a 
stirred solution of 1,5-diazabicyclo[4.3.0]non-5-ene 189 (DBN, 5 g) in ethanol (40 g) 
at 80 °C, gave no reaction after 6 h. 
22 	o-Nitrotoluene 52 (5 g, mmol), injected over the course of one hour to a 
stirred solution of 20% aq. DBU 190 (5 g) with TBAB (0.5 g) at 80 °C, gave no 
reaction after 5 h. 
26 	o-Nitrotoluene 52 (5 g, mmol), injected over the course of one hour to a 
stirred solution of 25% methanolic KOH (40 g) at 80 °C for 75 h, gave anthranilic 
acid 72 (40%) and o-nitrotoluene 52 (9%). 
25 	o-Nitrotoluene 52 (5 g, mmol), injected over the course of one hour to a 
stirred solution of 8% methanolic NaOH (40 g) at 80 °C, gave no reaction after 5 h. 
27 	o-Nitrotoluene 52 (5 g, mmol, injected over one hour to a stirred solution of 
25% methanolic KOH (40 g) and DBU 190 (5 g) at 80 °C for 42 h, gave anthranilic 
acid 72 (30%) and o-nitrotoluene 52 (17%). 
Reaction 26 was repeated, and left to stir for 24 hours giving anthranilic acid 72 
(22%) and o-nitrotoluene 52 (40%). The reaction mixture was separated with 
dichloromethane. The aqueous phase was acidified to pH 3.4 and separated with 
ether. 
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The stability of anthranilic acid 72 in these reaction conditions was also tested. 
Anthranilic acid 72 (5.02 g, 36.6 mmol) was added to 47% NaOH (30 g), PEG 300 
(30 g) and TBAB (0.5 g). The reaction mixture was heated to 80 °C and left to stir 
for 6 h and was found to give no reaction with 100% of the anthranilic acid 72 
remaining. 
As the probable key intermediate in the formation of anthranilic acid, the reactivity 
of anthranil was also tested under these conditions. Anthranil 57 (4.26 g, 36.1 mmol) 
was injected over the course of one hour to a stirred mixture of 47% NaOH (30 g), 
PEG 300 (30 g) and TBAB (0.5 g) at 80 °C and left for 5 h. HPLC analysis showed 





4.2 	FVP over solid catalysts NMIR data. 
This appendix contains a full list of all the spectroscopic data for the results 
given in Section 3.2 for the flash vacuum pyrolysis experiments carried out over 
solid catalysts. In the case of product mixtures, where peaks in the 'H NMR spectra 
overlap their signals are included underlined. 
FVP of o-nitrotoluene over zeolite 13X. 
o-Nitrotoluene; 8H  7.96 (1 H, d, 3J 8.4), 7.66-7.28 (3 H, m) and 2.60 (3 H, s); 6c 
149.13 (quat), 133.46 (quat), 132.94, 132.66, 126.79, 124.53 and 20.32 (CH 3); 
toluene; 8H  7.26-7.16 (5 H, m) and 2.35 (3 H, s); öc  137.76 (quat), 128.94, 128.14, 
125.21 and 21.35 (CH 3). 
FVP of 1-ethyl-2-nitrobenzene over zeolite 13X. 
At 350 °C 	l-Ethyl-2-nitrobenzene; 6H  7.87 (1 H, d, 3J 8.1), 7.55-7.30 (3 H, m), 
2.92 (2 H, q, 3J 7.5) and 1.29 (3 H, t, 3J 7.5); 8c 132.89, 131.11, 126.73, 124.46, 
26.11 (CH2) and 14.88 (CH 3), two quaternary peaks not apparent; ethylbenzene; 6H 
7.55-7.30 (5 H, m), 2.65 (2 H, q, 3J7.6) and 1.24 (2 H, t, 3J7.6); öc 144.19 (quat), 
128.25, 127.80, 125.42, 28.82 (CH2) and 15.58 (CH3 ). 
At 375 °C 	Ethylbenzene; oH 7.51-7.19(5 H, m) and 2.65 (2 H, q, 3J7.6) and 1.24 
(2 H, t, 3J7.6); Oc  144.19 (quat), 128.25, 127.80, 125.42, 28.82 (CH 2) and 15.58 
(CH3); 1-ethyl-2-nitrobenzene; 0H  7.87 (1 H, d, 3J 8.1), 7.5 1-7.19 (5 H, m), 2.92 (2 
H, q, 3J7.5) and 1.29(3 H, t, 3J7.5); Oc  132.89, 131.11, 126.73, 124.46, 26.11 (CH2) 
and 14.88 (CH3), two quaternary peaks not apparent. 
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At 400 °C 	Ethylbenzene; oH 7.37-7.15 (5 H, m), 2.67 (2 H, q, 3J7.6) and 1.26(3 
H, t, 3J7.6); 0c  144.21 (quat), 128.28, 127.82, 125.55, 28.85 (CH2) and 15.60 (CH 3); 
styrene; 0H  6.73 (1H, dd 3J 17.6, 11.0), 5.77 (1H, dd, 3J 17.5, 2J0.8) and 5.26 (1H, 
dd, 3J 11. 0, 2J0.8). 
At 500 °C 	Ethylbenzene; 3H  7.36-7.27 (5 H, m), 2.65 (2H, q, 3J 7.6) and 1.24 
(3H, t, J 7.6); 8c 144.23 (quat), 128.28, 127.83, 125.55, 28.86 (CH2) and 15.61 
(CH3); 1-ethyl-2-nitrobenzene; 0H 7.85 (1 H, d, 3J8.2), 7.54-7.47 (1 H, m), 7.36-7.27 
(2 H, m), 2.92 (2H, q, 3J 7.5) and 1.29 (3H, t, 3J 7.5); Oc 132.91, 131.14, 126.76, 
124.51, 26.14 (CH2) and 14.92 (CH 3), two quaternary peaks not apparent; styrene; 0H 
6.72 (1H, dd 3J 17.6, 11.0), 5.75 (1H, dd 3J 17.6, 2J 1.0) and 5.25 (1H, dd 3J 11.0, 21 
1.0); oc 137.51 (quat), 136.83, 128.49, 127.78, 126.17 and 113.78 (CH 2). 
At 650 °C 	Gave no identifiable products. 
Large scale at 400 °C 	1-Ethyl-2-nitrobenzene; 0H 7.86 (1 H, d, 3J 8.2), 
7.55-7.48 (1 H, m), 7.37-7.28 (2 H, m), 2.90 (2 H, q, 3J7.5) and 1.28 (3 H, t, 3J7.5); 
Oc 132.92, 132.13, 126.75, 124.47, 26.11 (CH 2) and 14.89 (CH3); ethylbenzene; 0H 
7.37-7.28 (5 H, m), 2.64 (2 H, q 3J 7.6), 1.23 (3 H, q 3J 7.6); Oc  128.25, 127.81, 
125.53, 28.83 (CH2) and 15.59 (CH3), quaternary peak not apparent. 
FVP of m-nitrotoluene over zeolite 13X. 
m-Nitrotoluene; 0H 8.06-8.02 (2 H, m), 7.52-7.38 (2 H, m) and 2.48 (3 H, s); 0c 
148.15 (quat), 139.70 (quat), 135.26, 128.96, 123.76, 120.58 and 21.13 (CH 3); 
toluene; 0H  7.28-7.16 (5 H, m) and 2.38 (3 H, s); Oc  137.78 (quat), 128.96, 128.15, 
125.23 and 21.37 (CH 3). 
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FVP ofp-nitrotoluene over zeolite 13X. 
p-Nitrotoluene; oH 8.09 (2 H, d, 3J 8.6), 7.30 (2 H, d, 3J 8.6) and 2.45 (3 H, s); 0c 
146.05 (quat), 145.91 (quat), 129.72, 123.42 and 21.52 (CH3); toluene; 0H  7.28-7.18 
(5 H, m) and 2.34 (3 H, s); 8c  128.95, 128.14, 125.21 and 21.37 (Cl 3). 
FVP of ethylbenzene over zeolite 13X. 
Ethylbenzene; 0H  7.38-7.28 (5 H, m), 2.74 (2H, q, 3J7.6) and 1.33 (3H, t, 3J7.6); oc 
144.10 (quat), 128.18, 127.72, 125.45, 28.76 (CH2) and 15.51 (CH 3); styrene; 8H 
6.72 (1H, dd 3J 17.6, 11.0), 5.75 (1 H, d 3J 18.0) and 5.24(1 H, d 3J 11.0). 
FVP of o-nitrotoluene over zeolite 3A. 
o-Nitrotoluene; 0H  7.94 (1 H, m), 7.50-7.42 (1 H, m), 7.34-7.24 (2 H, m) and 2.57 (3 
Fl, s); Oc  149.03 (quat), 133.37 (quat), 132.88, 132.59, 126.72, 124.43 and 20.23 
(CH3); aniline; 3H  7.19-7.10 (2 H, m), 6.76-6.61 (3 H, m) and 3.6 (2 H, br s); 8c 
146.2 (quat), 129.09, 118.28 and 114.95. 
FVP of 1-ethyl-2-nitrobenzene over zeolite 3A. 
At 500 °C 	1-Ethyl-2-nitrobenzene; 0H  7.87 (1 H, d, 3J 8.0), 7.55-7.48 (1 H, m), 
7.41-7.29(2 H, m), 2.91 (211, q, 3J7.5) and 1.29 (3H, t, 3J7.5); Oc  132.91, 131.12, 
126.74, 124.46, 26.10 (CH2) and 14.88 (CH 3), two quaternary peaks not apparent; 
indole; 0H  8.25 (1H, br s) 7.65 (1 H, d, 3J8.0), 7.41-7.08 (4 H, m) and 6.54-6.57 (1H, 
m); Oc  124.12, 121.86, 120.63, 119.59, 111.00 and 102.47, two quaternary peaks not 
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apparent; 2-vinylaniline; 5H 6.70-6.62 (2 H, m), 5.63 (H, dd, 3J 17.4, 2J 1.5) and 5.31 
(H, dd, 3J11.0, 2J 1.5). 
At 650 °C 	Indole; 5H  8.20 (1H, br s), 7.67 (1 H, d, 3J 8.0), 7.47-7.08 (4 H, m) 
and 6.58-6.54 (1H, m); Sc 124.11, 121.88, 120.65, 119.71, 110.98 and 102.48, two 
quaternary peaks not apparent; aniline; 5H  7.47-7.08 (4 H, m), 6.85-6.70 (2 H, m) and 
3.52 (2 H, br s); 5c  146.25 (quat), 129.25, 118.57 and 115.11; 
1-ethyl-2-nitrobenzene; 81-1  7.88 (1H, d, 3J 8.1), 2.93 (2H, q, 3J 7.5) and 1.29 (3H, t, 
3J 7.5); & 132.91, 131.12, 126.75, 124.47 and 26.10 (CH 2) methyl peak, two 
quaternary peaks not apparent; 2-vinylaniline; 5H  5.63 (1H, dd, 3J 17.4, 2J 1.5) and 
5.31 (11-1, dd, 3J 11.0, 2J 1.5); styrene; 5H  5.26 (1H, dd, 3J 11.0, 2J0.8) and 5.77 (111, 
dd, 3J 17.5, 2J0.8). 
FVP of 1-ethyl-2-nitrobenzene over zeolite 5A. 
At 500 °C 	1-Ethyl-2-nitrobenzene; 5H  7.91 (1H, d, 3J 8.0), 7.58-7.08 (4 H, m), 
2.95 (211, q, 3J7.5) and 1.33 (3H, t, 3J7.5); 5c  149.22 (quat), 138.87 (quat), 132.89, 
131.11, 126.72, 124.44, 26.08 (CH2) and 14.86 (CH3); indole; 5H  8.3 (1H, hr s), 7.69 
(1H, d, 3J8.0), 7.58-7.08 (4 H, m) and 6.60-6.58 (111, m); 5c  124.11, 121.84, 120.61, 
119.66, 110.98 and 102.45, two quaternary peaks not apparent; 2-vinylaniline; 5H 
5.63 (1 H, dd, 3J 17.4, 2J 1. 5) and 5.3 1 (1H,dd, 3J11.0, 2J1.5). 
At 650 °C 	Indole; 5H  8.23 (1H, hr s), 7.66 (1H, d, 3J 8.0), 7.55-7.05 (4 H, m) and 
6.57-6.55 (1H, m); Sc  124.11, 121.89, 120.66, 119.72, 110.98 and 102.51, two 
quaternary peaks not apparent; aniline; SH  7.55-7.05 (2 H, m), 6.80-6.65 (3 H, m) and 
3.39 (2 H, br 5); Sc 146.25 (quat), 129.25, 118.56 and 115.08; 
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1-ethyl-2-nitrobenzene; oH 7.87 (1H, d 3J8.0), 7.55-7.05 (3 H, m), 2.91 (2H, q 3J7.5) 
and 1.27 (3H, t, 3J7.5); 0c  132.92, 131.13, 126.75, 124.48, 26.11 (CH2) and 14.90 
(CH3), two quaternary peaks not apparent; 2-vinylaniline; 0H  5.32 (H, dd, 3J 11.0, 21 
1.5) and 5.63 (H, dd, 3J 17.4, 2J 1.5); styrene; 0H  5.76 (H, dd, 3J 17.6, 2J 1.0) and 
5.25 (H, dd, 3J 10. 9, 2J 1.0). 
FVP of indole over zeolite 3A. 
Indole; 8117.76 (1H, br s), 7.64 (1H, d, 3J8.0), 7.28-7.00 (4H, m) and 6.52-6.49 (1H, 
m); Oc  135.70 (quat), 127.75 (quat), 124.16, 121.88, 120.66, 119.74, 111.03 and 
102.38; m/z 117 (Mt, 100%). 
FVP of indoline over zeolite 3A. 
Indole; 0H  8.13 (114, br s), 7.75 (1H, d 3J7.0), 7.40-7.10 (4H, m) and 6.64-6.62 (1H, 
m); 0c  135.52 (quat), 127.68 (quat), 124.15, 121.78, 120.57, 119.63, 110.98 and 
102.27; m/z 117 (M 1); indoline; 0H  7.40-7.10 (2H, m), 6.84(1 H, t, 3J8.0), 6.74 (1H, 
d, 3J8), 3.58 (1H, t, 3J8.0), 3.43 (2H, br s) and 3.09 (2H, t 3J8.0); Oc  151.27 (quat), 
129.37 (quat), 127.16, 124.59, 118.80, 109.59, 47.16 (Cl 2) and 29.71 (CH2); m/z 
119 (Mt) 
FVP of anthranil over zeolite 3A. 
Aniline; Oc  129.24, 118.52 and 115.08, quaternary peak not apparent. 
FVP of 3-methylanthranil over zeolite 3A. 
o-Aminoacetophenone; 0H  7.69-7.65(1H, m), 7.26-7.19 (1H, m), 6.64-6.57 (2H, m) 
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and 2.53 (3H, s); 8c  200.69 (quat), 150.15 (quat), 134.29, 131.92, 118.07 (quat), 
117.10, 115.62 and 27.75 (CH3); 3-methylanthranil; 8H  2.75 (3 H, s); 6c  165.64 
(quat), 156.91 (quat), 130.75, 122.69, 119.75, 114.68 and 11.88 (CH3), one 
quaternary not apparent; indigo; m/z 262. 
FVP of o-nitrotoluene over zeolite Y 
At 500 °C 	o-Nitrotoluene; 6H  7.96 (1 H, d, 3J 8.5), 7.53-7.30 (3 H, m) and 2.60 
(3 H, s); öc 149.12 (quat), 133.45 (quat), 132.93, 132.65, 126.79, 124.53 and 20.32 
(CH3); aniline; 6H  7.15 (2 H, m), 6.79-6.66 (3 H, m) and 3.65 (2 H, br s); 8 c 146.25 
(quat), 129.25, 118.56 and 115.08. 
At 650 °C 	Aniline; 8H 7.26-7.21 (2 H, m), 6.86-6.74 (3 H, m) and 3.71 (2 H, br 
s); öc 146.26 (quat), 129.14, 118.38 and 114.99; benzonitrile; 8H  7.72-7.63 (3 H, m) 
and 7.54-7.49 (2 H, m); 6c 132.65, 132.00, 128.97 and 112.30 (quat), one quaternary 
not apparent. 
FVP of o-nitrotoluene over zeolite CBV 20A-X16. 
o-Nitrotoluene; oH 7.94 (1 H, d, 3J 8), 7.48-7.45 (1 H, m), 7.35-7.28 (2 H, m) and 
2.58 (3 H, s); Oc 149.08 (quat), 133.41 (quat), 132.92, 132.63, 126.76, 124.48 and 
20.28 (CH3); aniline; 0H  7.17-7.10 (2 H, m), 6.77-6.65 (3 H, m) and 3.65 (2 H, br s); 
Oc 146.33 (quat), 129.13, 118.33 and 114.97. 
FVP of o-nitrotoluene over zeolite CBV 5526G. 
At 400 °C 	o-Nitrotoluene; 0H  7.95 (1 H, d, 3J8.5), 7.49 (1 H, t, 3J7.4), 7.35-7.29 
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(2 H, m) and 2.59 (3 H, s); 5c 149.12 (quat), 133.46 (quat), 132.94, 132.66, 126.79, 
124.52 and 20.33 (CH3); aniline; 6H  7.14 (2 H, m), 6.77-6.65 (3 H, m) and 3.66 (2 H, 
br s); öc 146.34 (quat), 129.16, 118.37 and 114.98. 
At 500°C 	o-Nitrotoluene; oH 7.94(1 H, d, 3J8.8), 7.51-7.44(1 H, m), 7.35-7.27 
(2 H, m) and 2.58 (3 H, s); Oc  148.99 (quat), 133.30 (quat), 132.84, 132.55, 126.68, 
124.37 and 20.15 (CH3); aniline; 0H 7.18-7.10 (2 H, m), 6.78-6.65(3 H, m) and 3.68 
(2H,brs);8c 146.33 (quat), 129.04, 118.19 and 114.89. 
FVP of o-nitrotoluene over zeolite CBV 780-X16. 
o-Nitrotoluene; 0H  7.94 (1 H, d, 3J 8.5), 7.47-7.45 (1 H, m), 7.34-7.29 (2 H, m) and 
2.58 (3 H, s); oc 149.08 (quat), 133.40 (quat), 132.91, 132.62, 126.75, 124.47 and 
20.26 (CH3); aniline; 8H  7.15-7.11 (2 H, m), 6.75-6.65 (3 H, m) and 3.67 (2 H, hr s); 
Oc 146.34 (quat), 129.12, 118.31 and 114.96. 
FVP of o-nitrotoluene over zeolite CBV 720-X16. 
Pellets 	o-Nitrotoluene; 0H  7.96 (1 H, d, 3J8.4), 7.49 (1 H, t, 3J7.5), 7.36-7.29 
(2 H, m) and 2.59 (3 H, s); Oc 149.15 (quat), 133.44 (quat), 132.93, 132.64, 126.77, 
124.51 and 20.31 (CH 3); aniline; 0H  7.18-7.11 (2 H, m), 6.79-6.65 (3 H, m) and 3.66 
(2 H, br s); Oc  146.30 (quat), 129.16, 118.39 and 115.00. 
Powder at 400 °C 	o-Nitrotoluene; 0H  7.94 (1 H, d, 3J 8.5), 7.48 (1 H, t, 3J 7.5), 
7.35-7.28 (2 H, m) and 2.57 (3 H, s); 0c 149.10 (quat), 133.43 (quat), 132.92, 132.64, 
126.77, 124.50 and 20.29 (CH3); aniline; 0H 7.13 (2 H, m), 6.76-6.64 (3 H, m) and 
3.66(2 H,br s); Oc  146.34 (quat), 129.14, 118.34 and 114.97. 
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Powder at 500°C 	Aniline; 5H 7.24-7.16 (21-1, m), 6.86-6.70 (31-1, m) and 3.68 
(21-1, br s); 5c  146.28 (quat), 129.22, 118.50 and 115.06; o-nitrotoluene; SH  8.01 (1 H, 
d, 3J 7.7); Sc  132.95, 132.71, 126.81, 124.58 and 20.37 (CR 3), two quaternary peaks 
not apparent. 
FVP of o-nitrotoluene over cation exchanged zeolite CBV 720-X16 powder. 
Na doped at 500 °C Aniline; 5H 7.29-7.19 (2H, m), 6.86-6.72 (31-1, m) and 3.66 
(21-1, br s); 8c  146.25 (quat), 129.14, 118.39 and 114.99. 
Ca doped at 500 °C Aniline; 8H 7.26-7.18 (2H, m), 6.83-6.72 (31-1, m) and 3.69 
(2H, br s); Sc 146.24 (quat), 129.14, 118.39 and 115.00; o-nitrotoluene; 5H  8.04(1 H, 
d, 3J 10.3) and 2.67 (3 H, s); 5c  132.88, 132.65, 126.74, 124.48 and 20.27 (CH 3), two 
quaternary peaks not apparent; benzonitrile; 3c  132.66, 132.00 and 128.97, two 
quaternary peaks not apparent. 
Ni doped at 400 °C o-Nitrotoluene; 5H  7.99 (1 H, d, 3J 8.7), 7.52 (1 H, t, 3J 7.5), 
7.40-7.32 (2 H, m) and 2.62 (3 H, s); 5c 149.15 (quat), 133.47 (quat), 132.95, 132.68, 
126.81, 124.54 and 20.34 (CH3); aniline; 8H  7.22-7.16 (2 H, m), 6.81-6.69 (3 H, m) 
and 3.69 (2 H, br s); 8c  146.34 (quat), 129.19, 118.42 and 115.03. 
Ni doped at 500 °C Aniline; 5H  7.21-7.16 (2 H, m), 6.81-6.69 (3 H, m) and 3.69 (2 
H, br s); 5c  146.34 (quat), 129.19, 118.42 and 115.03; benzonitrile; 5c  132.66, 
132.00 and 128.97, two quaternary peaks not apparent. 
FVP of o-nitrotoluene over Grace silica powders. 
SP18-8691 	Aniline; 5H  7.23-7.17 (2 H, m), 6.84-6.68 (3 H, m) and 3.66 (2 H, br 
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s); 6c 146.25 (quat), 129.09, 118.30 and 114.93; 146; oH 7.70-7.41 (m); 0c  132.60, 
131.95 and 128.92. 
SP18-8692 	Aniline; 0H  7.22-7.14 (2 H, m), 6.82-6.67 (3 H, m) and 3.65 (2 H, br 
s); 0c  146.27 (quat), 129.13, 118.34 and 114.96; o-toluidine; 0H 7.09-7.04(2 H, m), 
6.82-6.67 (3 H, m) and 2.18 (3 H, s); 0c  144.43 (quat), 130.27, 116.79, 122.18 (quat), 
118.43, 114.78 and 17.20 (CH3). 
SP18-8693 	Aniline; 0H  7.22-7.15 (2 H, m), 6.82-6.68 (3 H, m) and 3.65 (2 H, br 
s); 0c  146.26 (quat), 129.11, 118.31 and 114.94; o-nitrotoluene; 0H  7.98 (1 H, d 3J 
8.2) and 2.61 (3 H, s); 0c  132.87, 132.63, 126.71, 124.44 and 20.24 (CH 3). 
FVP of o-nitrotoluene over alumina. 
At 400 °C 	Aniline; 0H  7.21-7.07 (2 H, m), 6.81-6.68 (3 H, m) and 3.5 (2 H, br s); 
Oc 146.31 (quat), 129.16, 118.37 and 115.01; o-nitrotoluene; 0H  7.9 (1H, d, 3J8.0). 
At 500 °C 	Aniline; 8H 7.31-7.25 (2 H, m), 6.88-6.72 (3 H, m) and 3.72 (2 H, m); 
Oc 146.28 (quat), 129.13, 118.33 and 114.97. 
Large scale at 400°C 	o-Nitrotoluene; 0H  8.04(1 H, d, 3J9.0), 7.61-7.53(1 H, 
m), 7.44-7.37 (2 H, m) and 2.67 (3 H, s); Oc  149.19 (quat), 133.50 (quat), 132.99, 
132.81, 126.84, 124.57 and 20.37 (CH 3); aniline; 0H  7.23 (1 H, t, 3J7.6), 6.84-674(3 
H,m) and 3.73 (2 H,brs); Oc  146.30 (quat), 129.14, 118.35 and 115.00. 
FVP of o-nitrotoluene over doped alumina. 
KF 	Aniline; 0H 7.34-7.16 (21-1, m), 6.84-6.59 (3H, m) and 3.63 (21-1, br s); Oc 
146.30 (quat), 129.19, 118.42 and 115.00; toluene; 0H  7.34-7.16(5 H, m) and 2.41(3 
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H, s); 8c 137.87 (quat), 128.96, 128.15, 125.22 and 21.37 (CH 3); o-toluidine; 6H  2.20 
(3 H, s); 8c 130.34, 126.86, 118.50, 114.82 and 17.24 (CH 3), two quaternary peaks 
not apparent. 
CaO Aniline; 6H 7.28-7.21 (21-1, m), 6.88-6.74 (3H, m) and 3.64 (2H, br s); 5c 
146.29 (quat), 129.20, 118.45 and 115.02. 
MgO Aniline; oH 7.29-7.21 (2 H, m), 6.89-6.72 (3 H, m) and 3.70 (2 H, br s); Oc 
146.27 (quat), 129.14, 118.37 and 114.97. 
FVP of o-nitrotoluene over MgO pellets. 
At 400 °C 	o-Nitrotoluene; 0H  7.84 (1 H, d, 3J 8.0), 7.42-7.36 (1 H, m), 7.27-7.19 
(2 H, m) and 2.49 (3 H, s); Oc 149.18 (quat), 133.49 (quat), 132.98, 132.80, 126.83, 
124.56 and 20.36 (CH3). 
At 600 °C 	o-Nitrotoluene; 6H  7.84 (1 H, d, 3J 8.0), 7.39-7.35 (1 H, m), 7.25-7.20 
(2 H, m) and 2.48 (3 H, s); Oc 149.16 (quat), 133.47 (quat), 132.95, 132.78, 126.80, 
124.54 and 20.33 (CH3). 
FVP of 1-ethyl-2-nitrobenzene over zeolite CBV 20A-X16. 
At 500°C 	1-Ethyl-2-nitrobenzene; 0H  7.85 (1 H, d, 3J8.0), 7.51 (1 H, d, 3J8.0), 
7.37-7.25 (2 H, m), 2.90 (2H, q 3J 8.0) and 1.27 (31-1, t, 3J 8.0); Oc  149.16 (quat), 
138.81 (quat), 132.88, 131.07, 126.69, 124.38, 26.03 (CH 2) and 14.82 (CH 3); aniline; 
0H 7.20-7.10 (2 H, m) and 6.76-6.65 (3 H, m); Oc  146.3 (quat), 129.16, 118.37 and 
114.99; indole; 0H  6.55-6.51(1 H, m); Oc  124.12, 121.74, 120.53, 119.57, 110.98 and 
102.3 1, two quaternary peaks not apparent. 
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At 600 °C 	Aniline; oH 7.24-7.10 (2 H, m), 6.81-6.67 (3 H, m) and 3.35 (2 H, br 
s); 8c 146.25 (quat), 129.17, 118.54 and 115.04; 1-ethyl-2-nitrobenzene; 0H 7.88 (1 
H, d, 3J 8.0), 7.42-7.10 (3 H, m), 2.93 (2 H, q, 3J 7.0) and 1.31 (3 H, t, 3J 7); & 
149.15 (quat), 138.81 (quat), 132.86, 131.05, 126.68, 124.38, 26.02 (CH2) and 14.81 
(CH3); indole; 8H 8.4 (1 H, br s), 7.65 (1 H, d, 3J 8.0), 7.42-7.10 (4 H, m) and 
6.58-6.55 (111, m); 0c  124.14, 121.73, 120.53, 119.56, 110.98 and 102.27; 
2-vinylaniline; 0H  5.65 (H, dd, 3J 17.4, 2J 1.5) and 5.33 (H, dd, 3J 11.0, J 1.5); 
styrene; 8H  5.28 (H, dd, 3J 11.0, 2J0.8) and 5.79 (H, dd, 3J 17.5, 2J0.8). 
FVP of 1-ethyl-2-nitrobenzene over zeolite CBV 5526G. 
1-Ethyl-2-nitrobenzene; 0H  7.85 (1 H, d, 3J8.0), 7.51 (1 H, d, 3J8.0), 7.38-7.25 (2 H, 
m), 2.90 (2H, q 3J 8.0) and 1.28 (3H, t, 3J 8.0); 0c  149.14 (quat), 138.77 (quat), 
132.86, 131.05, 126.67, 124.35, 26.00 (CH2) and 14.79 (CH 3); aniline; 8H  7.21-7.10 
(2 H, m), 6.78-6.66 (3 H, m) and 3.3 (2 H, br s); Oc  146.3 (quat), 129.13, 118.33 and 
114.97; indole; 0H  8.4 (1 H, br s), 7.64 (1 H, d, 3J8.4), 7.38-7.25 (4 H, m), 6.55-6.53 
(1 H, m); 8c 135.5 (quat), 127.73 (quat), 124.13, 121.71, 120.50, 119.54, 110.98 and 
102.26. 
FVP of 1-ethyl-2-nitrobenzene over zeolite CBV 780-X16. 
1-Ethyl-2-nitrobenzene; 8H  7.86 (1 H, d, 3J8.0), 7.54-7.48 (1 H, m), 7.37-7.12(2 H, 
m), 2.91 (2H, q 3J 8.0) and 1.28 (3H, t, 3J 8.0); Oc  149.19 (quat), 138.82 (quat), 
132.87, 131.07, 126.69, 124.40, 26.04 (CR 2) and 14.82 (CR3); aniline; 0H  7.37-7.12 
(2 H, m) and 6.78-6.66(3 H, m); Oc  146.3 (quat), 129.17, 118.43 and 115.03; indole; 
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H 7.63 (1 H, d, 3J 8.3), 7.37-7.12 (4 H, m) and 6.56-6.52 (1 H, m); öc 124.13, 
121.76, 120.54, 119.58, 110.98 and 102.33. 
FVP of 1-ethyl-2-nitrobenzene over zeolite CBV 720-X16. 
Pellets 	1-Ethyl-2-nitrobenzene; 5H  7.85 (1 H, d, 3J 8.0), 7.51 (1 H, d, 3J 8.0), 
7.37-7.27 (2 H, m), 2.90 (21-1, q 3J 8.0) and 1.28 (31-1, t, 3J 8.0); 8c 149.14 (quat), 
138.78 (quat), 132.85, 131.05, 126.67, 124.35, 26.00 (CH2) and 14.79 (CH3); aniline; 
oH 7.19-7.11 (2 H, m), 6.78-6.66 (3 H, m) and 3.5 (2 H, br s); 0c  146.31 (quat), 
129.13, 118.36 and 114.99; indole; 3H  6.55-6.51 (1 H, m); 8c  124.13, 121.70, 120.49, 
119.53, 110.98 and 102.25. 
Powder 	Aniline; 8H  7.40-7.04 (2 H, m), 6.81-6.66 (3 H, m) and 3.64 (2 H, br 
s); Oc  146.29 (quat), 129.19, 118.44 and 115.03; 1-ethyl-2-nitrobenzene; 0H  7.67 (1 
H, d, 3J8.4), 7.52-7.48(1 H, m), 7.40-7.04(2 H, m), 2.92(2 H, q, 3J7.5) and 1.28(3 
H, t, 3J 7.5); oc  132.85, 131.06, 126.69, 124.40, 26.03 (CH 2) and 14.82 (CH3), two 
quaternary peaks not apparent; indole; 0H  8.61 (1 H, br s), 7.71 (1 H, d, 3J 8.0), 
7.40-7.04(4 H, m) and 6.57-6.55 (1 H, m); Oc  124.13, 121.77,120.57, 119.60, 110.97 
and 102.32, two quaternary peaks not apparent. 
FVP of 1-ethyl-2-nitrobenzene over cation exchanged zeolite CBV 720-X16 
powder. 
Na doped 	Aniline; 0H  7.29-7.04 (2 H, m), 6.76-6.63 (3 H, m) and 3.56 (2 H, br 
s); Oc  146.25 (quat), 129.15, 118.42 and 115.00; indole; 0H  8.50(1 H, br s), 7.64(1 
H, d, 3J 6.0), 7.29-7.04(4 H, m) and 6.53-6.5 1 (1 H, m); Oc  124.02, 121.69, 120.52, 
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119.21, 110.11 and 102.21; 1-ethyl-2-nitrobenzene; oH 7.80(1 H, d, 3J8), 7.46-7.04 
(3 H, m), 2.91 (2 H, q, 3J8.0) and 1.28 (3 H, t, 3J8.0); 0c  132.81, 131.01, 126.64, 
124.46, 25.98 (CH2) and 14.78 (CH 3); 1H-indol-2(211)-one; oH  3.58 (2 H, s); 0c  36.6 
(CH2). 
Ca doped 	Aniline; 0H  7.29-7.14 (2 H, m), 6.85-6.69 (3 H, m) and 3.69 (2 H, br 
s); 0c 146.22 (quat), 129.13, 118.39 and 114.99; indole; 0H 8.6(1 H, br s), 7.70(1 H, 
d, 3J 8.0), 7.53-7.04 (4 H, m) and 6.60-6.58 (1 H, m); 0c  124.14, 121.65, 120.38, 
119.50, 110.96 and 102.16, two quaternary peaks not apparent. 
Ni doped 	Aniline, 0H 7.29-7.10 (2H, m), 6.86-6.72 (3H, m) and 3.66 (21-1, br s); 
0c 146.26 (quat), 129.18, 118.35 and 115.03; styrene; 0H  5.79 (1 H, d, 3J 17.6) and 
5.28 (1 H, d, 3J 10.9); Oc  136.76, 128.42, 127.71, 126.10 and 113.72 (CH 2), 
quaternary not apparent; indole; 0H  8.4(1 H, m), 7.67(1 H, d, 3J8.0), 7.44-7.11 (4H, 
m) and 6.59-6.57 (1 H, m); Oc 124.12, 121.75, 120.55, 119.59, 110.97 and 102.30, 
two quaternary peaks not apparent. 
FVP of 1-ethyl-2-nitrobenzene over silica tubes internally coated with standard 
silica gel. 
1-Ethyl-2-nitrobenzene; 0H  7.83 (11-1, d, 3J 8.0), 7.54-7.25 (31-1, m), 2.88 (21-1, q, 
7.5) and 1.25 (3H, t, 3J7.5); m/z 151 (M). 
FVP of 1-ethyl-2-nitrobenzene over standard silica gel. 
Indole; 0H 8.36 (1 H, br s), 7.68 (1 H, d, 3J 8.3) and 6.58-6.56 (1 H, m); Oc  135.67 
(quat), 127.72 (quat), 124.14, 121.79, 120.58, 119.62, 110.98 and 102.35; aniline; 0H 
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3.6 (2 H, br s); Sc 146.24 (quat), 129.20, 118.49 and 102.35; 1-ethyl-2-nitrobenzene; 
5H 2.93 (2 H, q, 3J7.5) and 1.31 (3 H, t, 3J7.5); 5c  132.78, 131.07, 126.70, 124.55, 
26.05 (CH2) and 14.85 (CH 3), two quaternary peaks not apparent; 2-vinylaniline; 5H 
5.32 (H, dd, 3J 11.0, 2J 1.5) and 5.63 (H, dd, 3J 17.4, 2J 1.5); styrene; 8H  5.76 (H, dd, 
3J 17.6, 2J 1.0) and 5.25 (H, dd, 3J 10.9, 2J 1.0). 
FVP of 1-ethyl-2-nitrobenzene over Grace silica samples. 
	
SP18-8691 	Aniline; 5H 7.43-7.10 (2 H, m), 6.80-6.66 (3 H, m) and 3.62 (2 H, br 
s); 5c 146.28 (quat), 129.22, 118.49 and 115.04; indole; 5H  8.3 (1 H, hr s), 7.65 (1 H, 
d, 3J 8.0), 7.43-7.10 (2 H, m) and 6.57-6.55 (1 H, m); 5c  124.10, 121.84, 120.62, 
119.67, 110.97 and 102.43, two quaternary peaks not apparent. 
SP18-8692 	Aniline; 5H 7.45-7.13 (2 H, m), 6.82-6.66 (3 H, m) and 3.64 (2 H, br 
s); 5c 146.27 (quat), 129.22, 118.48 and 115.04; indole; 5H  8.25 (1 H, br s), 7.67(1 
H, d, 3J 8), 7.45-7.13 (4 H, m) and 6.58-6.56 (1 H, m); 8c  124.13, 121.81, 120.60, 
119.64, 110.96 and 102.3 8, two quaternary peaks not apparent. 
SP18-8693 	Aniline; 5H 7.43-7.11 (2 H, m), 6.81-6.66 (3 H, m) and 3.65 (2 H, br 
s); 5c 146.27 (quat), 129.22, 118.48 and 115.04; indole; 5H 8.4 (1 H, br s), 7.67 (1 H, 
d, 3J 8), 7.43-7.11 (4 H, m) and 6.57-6.55 (1 H, m); 3c  124.14, 121.82, 120.61, 
119.66, 110.97 and 102.3 9, two quaternary peaks not apparent. 
SP18-8694 	Indole; 5H 8.30 (1 H, br s), 7.71 (1 H, d, 3J 7.7), 7.42-7.10 (4 H, m) 
and 6.61-6.59 (1 H, m); 5c 135.67 (quat), 127.72 (quat), 124.14, 121.81, 120.60, 
119.65, 110.99 and 110.35; 2-ethylaniline; 8H 7.42-7.10 (2 H, m), 6.86-6.70 (2 H, 
m), 3.7 (2 H, br s), 2.55 (2 H, q, 3J7.6) and 1.29(2 H, t, 3J7.6); 8c 143.85 (quat), 
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128.28, 127.94 (quat), 126.75, 118.78, 115.33, 23.89 (CH 2) and 12.92 (CH 3); aniline; 
H 7.42-7.10 (2 H, m), 6.86-6.70 (3 H,m) and 3.65 (2 H, br s); öc 146.2 (quat), 
129.22, 118.52 and 115.07; 2-vinylaniline; 8H 5.67 (1H, dd, 3J 17.4, 2J 1.5) and 5.35 
(1H, dd, 3J11.0, 2J1.5). 
Large scale SP18-8694 	Indole; 8H 8.31 (1 H, br s), 7.72 (1 H, d, 3J 7.7), 
7.43-7.10 (4 H, m) and 6.60-6.58 (1 H, m); 8 c 135.76 (quat), 127.83 (quat), 124.09, 
121.90, 120.67, 119.73, 110.98 and 102.54; 2-ethylaniline; 8H  7.43-7.10 (2 H, m), 
6.85-6.70(2 H, m), 3.7 (2 H, br s), 2.54 (2 H, q, 3J7.6) and 1.28 (2 H, t, 3J7.6); 8c 
143.92 (quat), 128.07 (quat), 128.33, 126.77, 118.81, 115.36, 23.94 (CH2) and 12.95 
(CH3); aniline; oH 7.43-7.10 (2 H, m), 6.85-6.70 (3 H, m) and 3.62 (2 H, br s); O 
146.1 (quat), 129.25, 118.55 and 115.25; 2-vinylaniline; 0H  5.67 (1H, dd, 3J 17.4, 2J 
1.5) and 5.35 (111, dd, 3J 11. 0, 2J 1.5). 
FVP of 1-ethyl-2-nitrobenzene over silica tubes internally coated with alumina. 
At 500 °C 1-Ethyl-2-nitrobenzene; 0H  7.85 (111, d, 3J 8.0), 7.5 1-7.14 (3 H, m), 
2.90 (2H, q, 3J 7.5) and 1.28 (3H, t, 3J 7.5); indole; 0H  7.66 (1H, d, 3J 8) and 6.55 
(1H, m); 2-vinylaniline; 0H  5.63 (H, dd, 3J 17.4, 2J 1.5) and 5.31 (H, dd, 3J 11.0, 2J 
1.5). 
At 600 °C 	1-ethyl-2-nitrobenzene; 0H  7.86 (1H, d, 3J 8.0), 7.52-7.14 (3 H, m), 
2.91 (2H, q, 3J7.5) and 1.29 (3H, t, 3J7.5); Oc  132.88, 131.08, 126.70, 124.41, 26.05 
(CH2) and 14.83 (CH3), two quaternary peaks not apparent; indole; 0H  8.25 (1H, br 
s), 7.65 (1H, d, 3J8.0), 7.52-7.14 (3 H, m) and 6.56-6.54 (1H, m); oc  124.12, 121.79, 
120.57, 119.62, 110.98 and 102.38, two quaternary peaks not apparent; aniline; Oc 
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159.19, 118.44 and 115.03, quaternary peak not apparent; 2-vinylaniline; 8 H 5.62 (H, 
dd, 3J 17.4, 2J 1.5) and 5.30 (H, dd, 3J 11.0, J 1.5). 
FVP of 1-ethyl-2-nitrobenzene over alumina. 
Aniline; 8H 7.30-7.01 (2 H, m), 6.87-6.76 (3 H, m) and 3.65 (2 H, br s); 8 c 146.27 
(quat), 129.20, 118.46 and 115.03; indole; 8H 8.37 (1 H, br s), 7.78 (1 H, d, 3J 10), 
7.30-7.01 (4 H, m), 6.65 (1 H, m); öc 124.13, 121.79, 120.58, 119.63, 110.97 and 
102.34, two quaternary peaks not apparent; 2-ethylaniline 8H  7.30-7.01 (2 H, m), 
6.87-6.76(2 H, m), 3.7(2 H, br s), 2.61 (2 H, q, 3J7.5) and 1.37(3 H, t, 3J7.5); öc 
143.88 (quat), 128.26, 126.72, 118.73, 115.28, 23.92 (CH 2) and 12.90 (CH 3). 
FVP of 1-ethyl-2-nitrobenzene over doped alumina. 
KF 	Ethylbenzene; oH 7.5 1-7.20 (51-1, m), 2.70 (21-1, q, 3J 7.6) and 1.29 (31-1, t, 3J 
7.6); Oc  144.20 (quat), 128.26, 127.81, 125.54, 28.83 (CH2) and 15.58 (CH 3); 
2-ethylaniline; 128.26, 126.77, 118.77, 115.32, 23.94 (CH2) and 12.94 (CH 3), two 
quaternary peaks not apparent; indole; 0H  6.61-6.58 (1 H, m); Oc  124.06, 121.88, 
120.66, 119.72, 110.96 and 102.50, two quaternary peaks not apparent; 
2-vinylaniline; 8H  5.63 (11-1, d, 3J 17.4) and 5.31 (11-1, d, 3J 11.0); styrene; 8H  5.26 
(11-1, d, 3J11.0) and 5.77 (11-1, d, 3J 17.5). 
CaO Aniline; 0H 7.30-7.07 (2 H, m), 6.86-6.70 (3 H, m) and 3.65 (2 H, br s); Oc 
146.26 (quat), 129.19, 118.44 and 115.02; 2-ethylaniline; 0H  7.30-7.07 (2 H, m), 
6.86-6.70(3 H, m) 3.7 (2 H, br s), 2.56(2 H, q, 3J7.5) and 1.30 (3 H, t, 3J7.5); Oc 
143.87 (quat), 128.25, 127.99 (quat), 126.71, 118.72, 115.28, 23.86 (CH 2) and 12.89 
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(CH3); indole; 8H  8.3 (1 H, br s), 7.72 (1 H, d, 3J 7.6), 7.30-7.07 (4 H, m), 6.62-6.59 
(1 H, m); öc 124.12, 121.76, 120.57, 119.61, 110.96 and 102.31; 2-vinylaniline; oH 
5.68 (1H, dd, 3J 17.4, 2J 1.5) and 5.37 (1H, dd, 3J 11.0, 2J1.5). 
MgO 2-Ethylaniline; 8H 7.32-7.07 (2 H, m), 6.83-6.69 (2 H, m), 3.64 (2 H, br s), 
2.54 (2 H, q, 3J7.5) and 1.28 (3 H, t, 3J7.5); 0c  143.88 (quat), 128.26, 128.00 (quat), 
126.72, 118.73, 115.29, 23.89 (CH2) and 12.90 (CH3); aniline; 0H  7.32-7.07 (2 H, m), 
6.83-6.69(2 H, m), 3.64 (2 H, br s); 0c  146.28 (quat), 129.20, 118.46 and 115.03; 
indole; 0H  8.38 (1 H, br s), 7.70 (1 H, d 3J 10), 7.32-7.07 (4 H, m) and 6.21-6.58 (1 
H, m); Oc 124.11, 121.80, 120.59, 119.63, 110.96 and 102.37, two quaternary peaks 
not apparent; 2-vinylaniline; 8H  5.65 (114, d, 3J 17.4) and 5.35 (1H, d, 3J 11.0). 
FVP of indole over Na doped zeolite CBV 720-X16 powder. 
Indole; 8H  7.97(1 H, br s), 7.84(1 H, d, 3J8.4), 7.46-7.18 (4 H, m) and 6.71-6.68(1 
H, m); Oc  135.62 (quat), 127.69 (quat), 124.17, 121.85, 120.62, 119.71, 111.02 and 
102.34. 
FVP of o-toluidine over zeolite CBV 20A-X16. 
o-Toluidine; 0H  7.09-7.04 (2 H, m), 6.82-6.67 (3 H, m) and 2.18 (3 H, s); Oc  144.40 
(quat), 130.20, 126.72, 122.07 (quat), 118.33, 114.70 and 17.08 (CH 3); aniline; 8H 
7.17-7.05 (2 H, m), 6.74-6.59 (3 H, m) and 3.60 (2 H, br s); Oc  146.22 (quat), 129.04, 
118.21 and 115.05. 
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FVP of nitrobenzene over zeolite CBV 20A-X16 at 500 °C. 
Nitrobenzene; oH 8.18 (2 H, d, 3J8.7), 7.71-7.64 (1 H, m) and 7.55-7.47 (2 H, m); & 
147.96 (quat), 134.51, 129.18 and 123.28. 
FVP of nitrobenzene over zeolite Y at 600 °C. 
Aniline; 0H  7.17-7.05 (2 H, m), 6.74-6.59 (3 H, m) and 3.60 (2 H, br s); 0c  146.2 
(quat), 129.27, 118.53 and 115.08; nitrobenzene; 0H  8.18 (2 H, d, 3J 10) and 
7.67-7.44 (3 H, m); Oc  148.5 (quat), 134.57, 129.27 and 123.48; benzonitrile; 8H 
7.68-7.60 (3 H, m) and 7.50-7.44 (2 H, m); Oc 132.76, 132.14, 129.10 and 112.30 
one quaternary peak not apparent. 
FVP of 3-methylanthranil over zeolite CBV 20A-X16. 
1H-Indol-2(2R)-one; 3H 8.93 (1 H, hr s) and 3.50 (2 H, s); Oc  177.81 (quat), 142.41 
(quat), 127.86, 125.20 (quat), 124.41, 122.21, 109.82 and 36.19 (CH 2); 
3-methylanthranil; 8H  2.78 (3H, s); Oc  130.80, 122.76, 119.80, 114.82 and 11.96 
(CH3), quaternary peaks not apparent. 
FVP of 1H-indol-3(2H)-one over zeolite CBV 20A-X16. 
1H-indol-2(2R)-one (50 mg, 37%); 0H 9.46 (1 H, hr s), 7.20-7.15 (2 H, m), 7.01-6.88 
(2 H, m) and 3.50 (2 H, s); Oc 178.33 (quat), 142.55 (quat), 127.84, 125.21 (quat), 
124.43, 122.26, 109.93 and 36.29 (CH2). 
FVP of anthranil over zeolite CBV 5526G at 400 °C. 
Anthranil; 0H  9.03 (1 H, s), 7.55-7.4 1 (2 H, m), 7.29-7.16 (1 H, m) and 6.95-6.87 (1 
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H, m); 5c 154.34, 130.72, 124.21, 119.48 and 114.91, two quaternary peaks not 
apparent; aniline; 6H 7.11-7.02 (2 H, m), 6.95-6.57 (3 H, m) and 3.4(2 H, br s); öc 
146.29 (quat), 129.25, 118.50 and 115.02. 
FVP of anthranil over zeolite CBV 780-X16 at 500 °C. 
Aniline; oH 7.21-7.13 (2 H, m), 6.81-6.66 (3 H, m) and 3.52 (2 H, br s); 0c  146.28 
(quat), 129.18, 118.44 and 115.03; anthranil; 0H  9.11 (1 H, s); 0c  154.44, 130.83, 
124.3 1, 119.56 and 114.97, two quaternary peaks not apparent. 
FVP of anthranilic acid over zeolite CBV 5526G at 400 °C. 
Anthranilic acid; 0H  ([2H6]DMSO) 7.73-7.68 (1 H, m), 7.25-7.18 (1 H, m), 6.76-6.72 
(1 H, m) and 6.58-6.45 (1 H, m); Oc  ([2H6]DMSO) 169.50 (quat), 151.39 (quat), 
133.61, 131.05, 116.19, 114.34 and .109.43 (quat); aniline; 8H ([ 2H6]DMSO) 
7.03-6.96 (2 H, m) and 6.58-6.45 (3 H, m); Oc  ([2H6]DMSO) 148.43 (quat), 128.68, 
115.55 and 113.75. 
FVP of anthranilic acid over zeolite CBV 780-X16 at 500 °C. 
Aniline; 0H 7.26-7.20 (2 H, m), 6.88-6.69 (3 H, m) and 4.09 (2 H, br s); Oc  146.10 
(quat), 129.04, 118.35 and 115.00; anthranilic acid; 0H  7.99 (1 H, d, 3J 8.5); Oc 
171.43 (quat), 150.58 (quat), 134.17, 131.75, 116.49, 116.04 and 110.38 (quat). 
FVP of m-nitrotoluene over zeolite CBV 780-X16. 
m-Nitrotoluene; 0H 7.99-7.95 (2 H, m), 7.49-7.38 (2 H, m) and 2.43 (3 H, s); Oc 
148.06 (quat), 139.68 (quat), 135.26, 128.94, 123.67, 120.50 and 21.07 (CH 3). 
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FVP of nt-nitrotoluene over doped alumina. 
KF doped 	m-Toluidine; 8H  7.05 (1 H, t, 3J7.5), 6.61-6.48 (3 H, m), 3.58 (2 H, br 
s) and 2.27(3 H, s); 8c 146.29 (quat), 139.06 (quat), 129.10, 119.39, 115.86, 112.19 
and 21.38 (CH3); aniline; oH 7.27-7.16 (2 H, m), 6.80-6.66 (3 H, m) and 3.58 (2 H, br 
s), Oc  129.23, 118.48 and 115.06, quaternary not apparent; toluene; 0H  7.27-7.16(5 
H, m) and 2.37 (3 H, m); Oc  128.85, 128.18, 125.25 and 21.36 (CH3). 
CaO doped m-Toluidine; 0H  7.09-7.02 (1 H, m), 6.61-6.48 (3 H, m), 3.61 (2 H, br 
s) and 2.27(3 H, s); Oc  146.29 (quat), 139.06 (quat), 129.12, 119.36, 115.84, 112.17 
and 21.37 (CH3); aniline; 0H  7.19-7.13 (2 H, m), 6.80-6.67 (3 H, m) and 3.61 (2 H, br 
s); Oc  129.22, 118.47 and 115.03, quaternary not apparent. 
MgO doped m-Nitrotoluene; 0H  7.; 0c  148.09 (quat), 139.70 (quat), 135.28, 
128.97, 123.75, 120.57 and 21.33 (CH 3); m-toluidine; 0H  7.; Oc  146.31 (quat), 138.99 
(quat), 129.05, 119.30, 115.82, 112.15 and 21.14(CH3); aniline; 8H  7.; 0c  146.29 
(quat), 129.22, 118.40 and 115.01. 
FVP ofp-nitrotoluene over zeolite CBV 780-X16 at 500 °C. 
p-Nitrotoluene; 0H  8.08 (2 H, d, 3J 8.6), 7.29 (2 H, d, 3J 8.6) and 2.44 (3 H, s); 6c  
145.91 (quat), 129.70, 123.37 and 21.48 (CH 3), one quaternary not apparent; aniline; 
0H 7.13 (2 H, t, 3J7.7), 6.73-6.65 (3 H, m) and 3.65 (2 H, br s); Oc  129.14, 118.36 
and 114.99, quaternary peak not apparent. 
FVP ofp-nitrotoluene over zeolite Y at 600 °C. 
p-Nitrotoluene; 0H  8.11 (2 H, d, 3J 8.6), 7.23 (2 H, d, 3J 8.6) and 2.44 (3 H, s); 
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öc 145.91 (quat), 129.70, 123.37 and 21.48 (CH 3), one quaternary not apparent; 
aniline; 5H  7.18-7.11 (2 H, m), 6.75-6.66 (3 H, m) and 3.62 (2 H, br s); & 129.14, 
118.36 and 114.99, quaternary peak not apparent. 
FVP ofp-nitrotoluene over doped alumina. 
KF doped 	p-Toluidine; oH 6.97 (2 H, d, 3J8.5), 6.71-6.57 (2 H, m), 4.15 (2 H, br 
s) and 2.24 (3 H, s); Oc  143.74 (quat), 129.69, 127.71 (quat), 115.20 and 20.39 
(CH3); aniline; 0H .20-7.13 (2 H, m), 6.71-6.57 (3 H, m), 3.58 (21-1 br s); Oc  129.22, 
118.47 and 115.04, quaternary not apparent; p-nitrotoluene; 0H  8.12 (2 H, d, 3J 6.7), 
7.40 (2 H, d, 3J 6.7) and 2.46 (3 H, s); Oc  129.74, 123.46 and 21.55 (CH 3), two 
quaternary peaks not apparent. 
CaO doped p-Toluidine; 0H  7.00 (2 H, d, 3J 8.1), 6.73 (2 H, d, 3J 8.1), 3.60 (2 H, 
hr s) and 2.28 (3 H, s); Oc  143.75 (quat), 129.71, 127.74 (quat), 115.21 and 20.41 
(CH3); aniline; 8H 7.23-7.16 (2 H, m), 6.83-6.60 (3 H, m) and 3.60 (2 H, br s); Oc 
129.24, 118.50 and 115.05. 
MgO doped p-Nitrotoluene; 0H  8.17(2 H, d, 3J8.7), 7.37(2 H, d, 3J8.7) and 2.52 
(3 H, s); Oc 146.21 (quat), 145.91 (quat), 129.75, 123.57, and 21.57 (CH 3); 
p-toluidine; 0H  7.02 (2 H, d, 3J 8.2), 6.74 (2 H, d, 3J 8.2), 3.63 (2 H, br s) and 2.29 (3 
H, s); Oc  129.70, 116.20 and 20.41 (CH 3), two quaternary peaks not apparent; 
aniline; 0H 7.22-7.15 (2 H, m), 6.77-6.65 (3 H, m) and 3.63 (2 H, br s); Oc  129.23, 
118.49 and 115.05, quaternary not apparent. 
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FVP of ,n-toluidine over zeolite Y. 
Aniline; 8H  7.25-7.21 (2 H, m), 6.85-6.70 (3 H, m) and 3.63 (2 H, br s); 8 c 146.28 
(quat), 129.18, 118.41 and 114.99; m-toluidine; 6H  7.19-7.12 (1 H, m), 6.66-6.51 (2 
H, m), 3.63 (2 H, br s) and 2.32 (3 H, s); 5 c 146.28 (quat), 138.99 (quat), 129.05, 
119.31, 115.81, 112.14 and 21.33(CH3). 
FVP of o-nitrotoluene over zeolite Y. 
o-Nitrotoluene; oH 7.96 (1 H, d, 3J 8.5), 7.53-7.30 (3 H, m) and 2.60 (3 H, s); O 
148.99 (quat), 133.30 (quat), 132.84, 132.55, 126.68, 124.37 and 20.15 (CH 3 ) 
aniline; 0H 7.15 (2 H, m), 6.79-6.66 (3 H, m) and 3.65 (2 H, br s); 0c  146.31 (quat), 
129.02, 118.17 and 114.90. 
FVP of o-nitrotoluene over deuterium soaked zeolite Y. 
o-Nitrotoluene; 0H  7.93 (1 H, d, 3J8.6), 7.51-7.45 (1 H, m), 7.38-7.13 (2 H, m) and 
2.60 (3 H, s); m/z 137; 0D  no signal; aniline (23 mg, 13.1%); 0H  7.15-7.11 (2 H, m), 
6.75-6.65 (3 H, m) and 3.67 (2 H, br s); 0D  7.19 (2 H, br s), 6.80 (1 H, br s) and 6.73 
(2 H, br s); m/z 89 (13), 90(18), 91(22), 92 (25), 93 (87), 94 (100), 95 (64), 96 (29) 
and 97 (12). 
FVP of aniline over deuterium soaked zeolite Y. 
Aniline; 0H 7.07-7.01 (2 H, m), 6.67-6.49 (3 H, m) and 3.44 (2 H, br s); oo 7.18 (2 H, 
br s), 6.80 (1 H, br s) and 6.70 (2 H, br s); m/z 89 (23), 90(49), 91(100), 92 (100), 93 
(69), 94 (36), 95 (23), 96 (13) and 97 (8). 
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FVP of o-nitrotoluene 52 over zeolite CBV 5526G - consecutive pyrolyses over 
the same batch of zeolite. 
Run 1 o-Nitrotoluene; 8H  7.94 (1 H, d, 3J 8.5), 7.5 1-7.45 (1 H, m), 7.35-7.28 (2 H, 
m) and 2.58 (3 H, s); 8c 149.07 (quat), 133.42 (quat), 132.92, 132.53, 126.76, 124.49 
and 20.29 (CH3); aniline; 8H  7.17-7.11 (2 H, m), 6.77-6.66(3 H, m) and 3.65(2 H, br 
s); 8c 146.32 (quat), 129.13, 118.32 and 114.96. 
Run 2 o-Nitrotoluene; SH 7.96 (1 H, d, 3J 8.5), 7.53-7.48 (1 H, m), 7.37-7.30 (2 H, 
m) and 2.60 (3 H, s); öc  148.99 (quat), 133.30 (quat), 132.84, 132.55, 126.68, 124.37 
and 20.15 (CH 3); aniline; 8H  7.17-7.11 (2 H, m), 6.79-6.66(3 H, m) and 3.65(2 H, br 
s); 8c 146.31 (quat), 129.02, 118.17 and 114.90. 
Run 3 o-Nitrotoluene; 6H  7.94 (1 H, d, 3J 8.5), 7.5 1-7.43 (3 H, m), 7.35-7.28 (2 H, 
m) and 2.59 (3 H, s); 6c 149.03 (quat), 133.38 (quat), 132.90, 132.61, 126.74, 124.45 
and 20.26 (CH 3); aniline; 8H  7.17-7.13 (2 H, m), 6.79-6.66 (3 H, m) and 3.65 (2 H, br 
s); 6c  146.34 (quat), 129.09, 118.25 and 114.91. 
Run 4 o-Nitrotoluene; 8H  7.96 (1 H, d, 3J 8.5), 7.53-7.48 (1 H, m), 7.37-7.30 (2 H, 
m) and 2.60 (3 H, s); 5 c 148.99(quat), 133.30 (quat), 132.84, 132.55, 126.68, 124.37 
and 20.15 (CH 3); aniline; oH 7.15-7.10 (2 H, m), 6.78-6.66 (3 H, m) and 3.66 (2 H, br 
s); Oc  146.35 (quat), 129.09, 118.21 and 114.98. 
Run 5 o-Nitrotoluene; 0H  7.97 (1 H, d, 3J 8.5), 7.53-7.46 (1 H, m), 7.37-7.30 (2 H, 
m) and 2.61 (3 H, s); 0c  149.09 (quat), 133.44 (quat), 132.95, 132.56, 126.79, 124.51 
and 20.31 (CH3); aniline; 0H  7.17-7.11 (2 H, m), 6.77-6.66(3 H, m) and 3.65(2 H, br 
s); oc  146.33 (quat), 129.15, 118.34 and 114.98. 
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Run 6 o-Nitrotoluene; oH 7.95 (1 H, d, 3J 8.5), 7.50-7.41 (1 H, m), 7.35-7.28 (2 H, 
m) and 2.57 (3 H, s); 0c  149.12 (quat), 133.47 (quat), 132.98, 132.59, 126.81, 124.54 
and 20.33 (CH3); aniline; 0H 7.17-7.11(2 H, m), 6.77-6.66 (3 H, m) and 3.62 (2 H, br 
s); 0c  146.35 (quat), 129.18, 118.37 and 115.00. 
Co-pyrolyses of o-nitrotoluene 
Simultaneous co-pyrolysis of o-nitrotoluene and 1-fluoro-2-nitrobenzene over 
alumina 
Aniline; 0H 7.13-7.08 (2 H, m), 6.74-6.60 (3 H, m) and 3.60 (2 H, br s); Oc  146.31 
(quat), 129.23, 118.50 and 115.05. 
Simultaneous co-pyrolysis of m-nitrotoluene and 1-chloro-2-nitrobenzene over 
alumina 
Aniline; 0H 7.17-7.12 (2 H, m), 6.79-6.66 (3 H, m) and 3.65 (2 H, br s); 0c  146.34 
(quat), 129.18, 118.37 and 115.00. (quat). 
Consecutive co-pyrolysis of o-nitrotoluene and 1-fluoro-2-nitrobenzene over 
alumina 
Aniline; 8H 7.18-7.13 (2 H, m), 6.75-6.68 (3 H, m) and 3.62 (2 H, br s); 0c  146.35 
(quat), 129.20, 118.40 and 114.98. 
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4.3 	Flow pyrolysis NMR data. 
This appendix contains a full list of the spectroscopic data for the results 
given in Section 3.3 for the flow pyrolysis experiments. In the case of product 
mixtures, where peaks in the 1 H NMR spectra overlap their signals are included 
underlined. 
Flow pyrolysis of methyl anthranilate with porcelain saddles in middle zone. 
Top zone 200 °C, middle zone 400 °C, bottom zone no heating 
Methyl anthranilate; 6H  7.85 (1H, d, 3J 8), 7.29-7.20 (1H, m), 6.66-6.59 (2H, m), 
5.70 (2H, br s) and 3.85 (3H, s); öc 168.45(quat), 150.38 (quat), 133.92, 131.09, 
116.54, 116.06, 110.58 (quat) and 51.32 (CH3). 
Top zone 200 °C, middle zone 400 °C, bottom zone 200 °C 
Methyl anthranilate; 8H  7.85 (1H, d, 3J 8), 7.26-7.21 (1H, m), 6.68-6.59 (2H, m), 
5.70 (2H, br s) and 3.86 (3H, s);6c  168.47 (quat), 150.37 (quat), 133.97, 131.11, 
116.56, 116.12, 110.64 (quat) and 51.35 (CH 3). 
Top zone 200 °C, middle zone 600 °C bottom zone 300 °C 
Aniline; 6H  7.25-7.22 (2 H, m), 6.69-6.66 (3H, m) and 3.57 (2H, br s); 8 C 146.29 
(quat), 129.16, 118.40 and 115.00. 
Flow pyrolysis of methyl anthranilate with porcelain saddles in middle zone. 
Ammonia injected at top of middle zone 
Anthranilonitrile; 5H 7.37-7.26 (2 H, m), 6.78-6.66 (2 H, m) and 4.45 (2H, br s); öc 
148.58 (quat), 133.89, 132.19, 117.76, 117.60 (quat), 115.04 and 95.70 (CH 3 ); 
aniline; 6H  7.37-7.26 (2 H, m), 6.78-6.66 (5H, m) and 3.54 (2H, m); 5 C 146.28 (quat), 
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129.15, 118.37 and 114.97. 
Ammonia injected at centre of furnace 
Anthranilonitrile; 6H 7.37-7.26 (2 H, m), 6.79-6.66 (2 H, m) and 4.42 (2 H, br s); ö 
149.56 (quat), 133.94, 132.29, 117.89, 117.61 (quat), 115.05 and 95.89 (CN); 
aniline; 8H 7.19-7.12 (2H, m), 6.79-6.66 (3 H, m) and 3.54 (2H, m); & 146.30 (quat), 
129.22, 118.48 and 115.05. 
Ammonia injected at top of furnace 
Anthranilonitrile; 8H  7.35-7.25 (2 H, m), 6.80-6.68 (2 H, m) and 4.44 (21-1, br s); 6c 
148.57 (quat), 133.92, 132.23, 117.83, 117.60 (quat), 115.06 and 95.78 (CH 3); 
aniline; 5H  7.35-7.25 (2 H, m), 6.80-6.68 (5H, m) and 3.40 (21-1, br s); 6c  146.35 
(quat), 129.18, 118.42, and 115.02. 
Flow pyrolysis of methyl anthranilate with porcelain saddles in middle zone. 
50 cm3 mm 1 Ammonia. 
Anthranilonitrile; 8H 7.37-7.26 (2 H, m), 6.79-6.66 (2 H, m) and 4.47 (2 H, br s); 6c 
149.59 (quat), 133.86, 132.12, 117.68, 117.61 (quat), 115.01 and 95.56 (CN); 
aniline; 8H 7.18-7.11 (2H, m), 6.79-6.66 (3 H, m) and 3.54 (2H, m); 5 c 146.25 (quat), 
129.10, 118.30 and 114.94. 
100 cm  min -1 Ammonia. 
Anthranilonitrile; oH 7.35-7.25 (2 H, m), 6.80-6.69 (2 H, m) and 4.44 (2H, br s); 0c 
148.57 (quat), 133.92, 132.23, 117.83, 117.60 (quat), 115.06 and 95.78 (CH 3); 
aniline; 0H 7.35-7.25 (2 H, m), 6.80-6.69 (5H, m) and 3.40 (21-1, hr s); Oc  146.35 
(quat), 129.18, 118.42, and 115.02. 
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200 cm3 mm' Ammonia 
Anthranilonitrile; 6H  7.38-7.25 (2 H, m), 6.79-6.59 (2 H, m) and 4.43 (2 H, br s); & 
149.60 (quat), 133.92, 132.26, 117.89, 117.56 (quat), 115.09 and 95.91 (CN); 
aniline; 8H 7.20-7.10 (2H, m), 6.79-6.59 (3 H, m) and 3.55 (2H, m); Sc 129.19, 
118.45 and 115.09, quaternary peak not apparent. 
250 cm3 mm' Ammonia. 
Anthranilonitrile; 5H  7.37-7.26 (2 H, m), 6.77-6.66 (2 H, m) and 4.45 (2 H, br s); 5c 
149.58 (quat), 133.89, 132.18, 117.77, 117.59 (quat), 115.05 and 95.70 (CN); 
aniline; 5H  7.17-7.11 (211, m), 6.77-6.66 (3 H, m) and 3.55 (2H, m); 8c  129.14, 
118.37 and 114.99, quaternary peak not apparent. 
300 cm  min- ' Ammonia. 
Anthranilonitrile; 5,-, 7.37-7.26 (2 H, m), 6.79-6.66 (2 H, m) and 4.47 (2 H, br s); 5c 
149.60 (quat), 133.88, 132.15, 117.70, 115.03 and 95.59 (CN), one quaternary not 
apparent; aniline; 8H  7.18-7.11 (2H, m), 6.79-6.66 (3 H, m) and 3.54 (2H, m); 5c 
146.26 (quat), 129.12, 118.33 and 115.03. 
Flow pyrolysis of anthranil with porcelain saddles in middle zone. 
50 cm3 min- ' Ammonia. 
Anthranilonitrile; 5H  7.38-7.25 (2 H, m), 6.79-6.67 (2 H, m) and 4.42 (2 H, br s); 5c 
149.60 (quat), 133.86, 132.15, 117.69, 117.40 (quat), 115.07 and 95.58 (CN); 
aniline; 5H  7.18-7.11 (211, m), 6.79-6.67(3 H, m) and 3.62 (2H, m); 5c  146.27 (quat), 
129.22, 118.50 and 115.07. 
100 cm3 min- ' Ammonia. 
Anthranilonitrile; 5,-, 7.38-7.25 (2 H, m), 6.79-6.67 (2 H, m) and 4.42 (2 H, br s); S 
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149.55 (quat), 133.96, 132.29, 117.91, 117.61 (quat), 115.07 and 95.88 (CN); 
aniline; oH 7.18-7.11 (2H, m), 6.79-6.67(3 H, m) and 3.62 (2H, m); 0c  146.27 (quat), 
129.22, 118.50 and 115.07. 
200 cm3 min- ' Ammonia. 
Anthranilonitrile; 8H  7.37-7.25 (2 H, m), 6.75-6.65 (2 H, m) and 4.45 (2 H, br s); 0c 
149.60 (quat), 133.92, 132.22, 117.80, 117.64 (quat), 115.07 and 95.74 (CN); 
aniline; 0H  7.18-7.11 (2H, m), 6.75-6.65(3 H, m) and 3.5 (2H, m); 0c  129.18, 118.45 
and 115.07, quaternary peak not apparent. 
250 cm  min- ' Ammonia. 
Anthranilonitrile; 0H 7.36-7.25 (2 H, m), 6.77-6.65 (2 H, m) and 4.46 (2 H, br s); 8c 
149.61 (quat), 133.92, 132.21, 117.79, 117.33 (quat), 115.07 and 95.70 (CN); 
aniline; 0H 7.18-7.11 (2H, m), 6.77-6.65 (3 H, m) and 3.62 (2H, m); Oc  129.17, 
118.42 and 115.07. 
300 cm  min- ' Ammonia. 
Anthranilonitrile; 8 H 7.38-7.25 (2 H, m), 6.79-6.67 (2 H, m) and 4.39 (2 H, br s); & 
149.61 (quat), 133.92, 132.22, 117.79, 117.65 (quat), 115.07 and 95.72 (CN); 
aniline; 8H 7.18-7.11 (2H, m), 6.79-6.67 (3 H, m) and 3.62 (2H, m); oc  129.17, 
118.43 and 115.07, quaternary peak not apparent. 
Flow pyrolysis of o-nitrotoluene over zeolite Y. 
Ammonia flow. 
Aniline; 0H  7.23-7.15 (2H, m), 6.83-6.68 (3 H, m) and 3.64 (2H, m); Oc  146.26 
(quat), 129.12, 118.34 and 114.96; o-nitrotoluene; 0H  7.98(1 H, d, 3J8.1), 7.55-7.47 
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(1 H, m), 7.38-7.31 (2 H, m) and 2.62 (3 H, s); öc 133.41(quat), 132.89, 132.60, 
126.73, 124.37 and 20.28 (CH 3), one quaternary peak not apparent. 
Nitrogen flow. 
o-Nitrotoluene; 6H  7.97 (1 H, d, 3J 8.1), 7.53-7.46 (1 H, m), 7.36-7.30 (2 H, m) and 
2.60 (3 H, s); öc  133.56 (quat), 132.98, 132.72, 126.85, 124.63 and 20.44 (CH 3), one 
quaternary peak not apparent; aniline; 8H 7.18-7.12 (21-1, m), 6.75-6.67 (3 H, m) and 
3.65 (2H, m); 5c 146.3 (quat), 129.25, 118.55 and 115.09. 
Flow pyrolysis of o-nitrotoluene over zeolite Y surrounded by porcelain saddles. 
Aniline; 6H  7.25-7.12 (21-1, m), 6.86-6.76 (3 H, m) and 3.58 (21-1, m); 6 C 146.26 
(quat), 129.13, 118.45 and 114.97; o-toluidine; oH 7.02-6.90 (21-1, m), 6.86-6.76(3 H, 
m) and 3.62 (21-1, m); Oc  144.42 (quat), 130.28, 126.80, 122.18 (quat), 118.45, 114.80 
and 17.16 (CH3). 
235 
4.4 	Solution rearrangement of o-nitrotoluene to anthranilic acid. 
The following contains the results from HPLC of the hourly samples taken 
from the reactions of o-nitrotoluene in basic solution. The reaction numbers 
correspond to those in table 13 in Section 2.4. The GC-MS results are those from the 
final reaction mixtures. Chemical ionisation GC-MS was performed with methane 
ionisation which gives both M+1 and M+29 peaks. The major breakdown peaks for 
electron impact GC-MS are also given with the intensities of each peak given in 
parenthesis. 
Reaction 1 	1 h 	0.4% anthranilic acid, 31.0% o-nitrotoluene. 
2h 	1.3% anthranilic acid, 70.2% o-nitrotoluene. 
3h 	1.7% anthranilic acid, 5 1.9% o-nitrotoluene. 
4h 	2.2% anthranilic acid, 62.6% o-nitrotoluene. 
5h 	2.5% anthranilic acid, 69.4% o-nitrotoluene. 
6h 	2.7% anthranilic acid, 68.2% o-nitrotoluene. 
7h 	2.9% anthranilic acid, 63.4% o-nitrotoluene. 
8h 3.2% anthranilic acid, 63.6% o-nitrotoluene. 
9h 3.5% anthranilic acid, 63.0% o-nitrotoluene. 
lOb 3.7% anthranilic acid, 60.4% o-nitrotoluene. 
llh 4.1% anthranilic acid, 65.3% o-nitrotoluene. 
13h 4.6% anthranilic acid, 55.6% o-nitrotoluene. 
15h 5.1% anthranilic acid, 50.0% o-nitrotoluene. 
16h 5.6% anthranilic acid, 55.1% o-nitrotoluene. 
17h 5.5% anthranilic acid, 46.1% o-nitrotoluene. 
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20h 	6.7% anthranhlic acid, 39.4% o-nitrotoluene. 
29 h 11.7% anthranilic acid, 38.4% o-nitrotoluene. 
Cl GC-MS 	8.13 mm, o-nitrotoluene; 138 (M+1), 166 (M+29). 
El GC-MS 	2.77 mm, o-nitrotoluene; 137 (10%), 120 (100), 92 (50), 91(55), 77 
(20), 65 (70). 
Reaction 2 	lh 	0% anthranilic acid, 95.6% o-nitrotoluene. 
2h 	0.25% anthranilic acid, 90.9% o-nitrotoluene. 
3h 	0.52% anthranilic acid, 95.5% o-nitrotoluene. 
4h 	0.76% anthranilic acid, 94.2% o-nitrotoluene. 
6h 	1.2% anthranilic acid, 92.2% o-nitrotoluene. 
9h 	2.5% anthranilic acid, 88.7% o-nitrotoluene. 
13h 	3.4% anthranilic acid, 77.2% o-nitrotoluene. 
16 h 4.0% anthranilic acid, 73.7% o-nitrotoluene. 
Cl GC-MS 	8.13 mm, o-nitrotoluene; 138 (M+1), 166 (M+29). 
El GC-MS 	2.34 mm, o-nitrotoluene; 137 (10%), 120 (100), 92 (50), 91(55), 89 
(20), 77 (20), 65 (70). 
Reaction 3 	1 h 	10.4% anthranilic acid, 4.2% o-nitrotoluene. 
2 h 	10.7% anthranilic acid, 0% o-nitrotoluene. 
Cl GC-MS 	7.32 mm, o-toluidine; 108 (M+1), 136 (M+29). 
12.17 mm, di-o-tolyl-diazene-N-oxide 227 (M+1), 255 (M+29). 
El GC-MS 	2.45 mm, o-toluidine; 107 (80%), 106 (100), 89 (10), 77 (15). 
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4.86 mm, di-o-tolyl-diazene-N-oxide; 226 (10%), 225 (15), 211(25), 
210 (40), 91(100). 
Reaction 4 	1 h 	6.0% anthranilic acid, 43.9% o-nitrotoluene. 
2 h 	11.5% anthranilic acid, 30.2% o-nitrotoluene. 
3 h 	14.9% anthranilic acid, 11.1% o-nitrotoluene. 
4 h 	16.0% anthranilic acid, 3.0% o-nitrotoluene. 
5 h 	16.1% anthranilic acid, 0% o-nitrotoluene. 
Cl GC-MS 	7.33 mm, o-toluidine; 108 (M+1), 136 (M+29). 
12.16 min,di-o-tolyl-diazene-N-oxide; 227 (M+1), 255 (M+29). 
El GC-MS 	2.45 mm, o-toluidine; 107 (80%), 106 (100), 89 (10), 77 (15). 
4.86 mm, di-o-tolyl-diazene-N-oxide; 226 (10%), 225 (15), 211(25), 
210 (40), 91(100). 
Reaction 5 	1 h 	11.5% anthranilic acid, 6.3% o-nitrotoluene. 
2 h 	12.7% anthranilic acid, 0% o-nitrotoluene. 
Cl GC-MS 	7.33 min,o-toluidine; 108 (M+1), 136 (M+29). 
12.16 mm, di-o-tolyl-diazene-N-oxide 227 (M+1), 255 (M+29). 
El GC-MS 	2.45 mm, o-toluidine; 107 (80%), 106 (100), 89 (10), 77 (15). 
4.86 min,di-o-tolyl-diazene-N-oxide; 226 (10%), 225 (15), 211(25), 
210 (40), 91 (100). 
Reaction 6 	lh 	2.2% anthranilic acid, 70.6% o-nitrotoluene. 
3h 	3.0% anthranilic acid, 61.0% o-nitrotoluene. 
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4h 5.6% anthranilic acid, 67.1% o-nitrotoluene. 
5h 5.2% anthranilic acid, 55.8% o-nitrotoluene. 
6h 5.3% anthranilic acid, 58.9% o-nitrotoluene. 
7h 5.6% anthranilic acid, 54.6% o-nitrotoluene. 
9h 5.7% anthranilic acid, 64.9% o-nitrotoluene. 
lOh 6.2% anthranilic acid, 63.2% o-nitrotoluene. 
1 lh 	6.3% anthranilic acid, 56.9% o-nitrotoluene. 
12h 	5.9% anthranilic acid, 64.9% o-nitrotoluene. 
14h 	6.6% anthranilic acid, 57.6% o-nitrotoluene. 
16h 	7.6% anthranilic acid, 51.0% o-nitrotoluene. 
18 h 6.3% anthranilic acid, 65% o-nitrotoluene. 
Cl GC-MS 	8.13 mm, o-nitrotoluene; 138 (M+1), 156 (M+29). 
El GC-MS 	2.78 mm, o-nitrotoluene; 137 (10%), 120 (100), 92 (50), 91(55), 89 
(20), 77 (20), 65 (70). 
Reaction 7 	lh 	10.3% anthranilic acid, 17.0% o-nitrotoluene. 
3h 	15.7% anthranilic acid, 8.4% o-nitrotoluene. 
4h 	15.9% anthranilic acid, 6.6% o-nitrotoluene. 
5h 	16.3% anthranilic acid, 4.2% o-nitrotoluene. 
6h 	16.4% anthranilic acid, 2.5% o-nitrotoluene. 
7h 	16.6% anthranilic acid, 1.7% o-nitrotoluene. 
8h 	16.5% anthranilic acid, 0.91% o-nitrotoluene. 
9h 	16.5% anthranilic acid, 0.66% o-nitrotoluene. 
11 h 16.6% anthranilic acid, trace of o-nitrotoluene. 
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Cl GC-MS 	7.37 mm, o-toluidine; 108 (M+1), 136 (M+29). 
El GC-MS 	2.44 mm, o-toluidine; 107 (80%), 106 (100), 89 (10), 77 (15). 
Reaction 8 	1 h 	8.3% anthranilic acid, 51.2% o-nitrotoluene. 
2 h 	13.1% anthranilic acid, 28.2% o-nitrotoluene. 
3 h 	16.6% anthranilic acid, 9.5% o-nitrotoluene. 
4 h 	17.1% anthranilic acid, 2.4% o-nitrotoluene. 
5 h 	17.4% anthranilic acid, 0.69% o-nitrotoluene. 
6 h 	17.2% anthranilic acid, 0% o-nitrotoluene. 
Cl GC-MS 	7.32 mm, o-toluidine; 108 (M+1), 136 (M+29). 
12.16 mm, di-o-tolyl-diazene-N-oxide; 227 (M+1), 255 (M+29). 
El GC-MS 	2.45 mm, o-toluidine; 107 (80%), 106 (100), 89 (10), 77 (15). 
4.86 mm, di-o-tolyl-diazene-N-oxide; 226 (10%), 225 (15), 211(25), 
210 (40),91 (100). 
Reaction 9 	1 h 7.3% anthranilic acid, 60.6% o-nitrotoluene. 
2 h 13.8% anthranilic acid, 24.2% o-nitrotoluene. 
3 h 16.6% anthranilic acid, 7.7% o-nitrotoluene. 
4 h 17.0% anthranilic acid, 1.9% o-nitrotoluene. 
5 h 17.3% anthranilic acid, 0% o-nitrotoluene. 
CI GC-MS 	7.32 mm, o-toluidine; 108 (M+1), 136 (M+29). 
12.16 min,di-o-tolyl-diazene-N-oxide; 227 (M+1), 255 (M+29). 
El GC-MS 	2.45 mm, o-toluidine; 107 (80%), 106 (100), 89 (10), 77 (15). 
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4.86 mm, di-o-tolyl-diazene-N-oxide; 226 (10%), 225 (15), 211(25), 
210 (40), 91(100). 
Reaction 10 1 h 	6.2% anthranilic acid, 62.4% o-nitrotoluene. 
2 h 	13.2% anthranilic acid, 22.8% o-nitrotoluene. 
3h 	16.3% anthranilic acid, 7.6% o-nitrotoluene. 
4 h 	16.9% anthranilic acid, 2.1% o-nitrotoluene. 
5 h 	17.0% anthranilic acid, 0% o-nitrotoluene. 
Cl GC-MS 	7.32 mm, o-toluidine; 108 (M+1), 136 (M+29). 
12.16 mm, di-o-tolyl-diazene-N-oxide; 227 (M+1), 255 (M+29). 
El GC-MS 	2.45 mm, o-toluidine; 107 (80%), 106 (100), 89 (10), 77 (15). 
4.52 mm, di-o-tolyl-diazene-N-oxide; 226 (10%), 225 (15), 211(25), 
210 (40),91 (100). 
Reaction 11 1 h 	5.8% anthranilic acid, 9.0% o-nitrotoluene. 
2 h 	6.2% anthranilic acid, 0% o-nitrotoluene. 
CI GC-MS 	7.33 mm, o-toluidine; 108 (M+1), 136 (M+29). 
12.18 mm, di-o-tolyl-diazene-N-oxide; 227 (M+1), 255 (M+29). 
El GC-MS 	2.07 mm, o-toluidine; 107 (80%), 106 (100), 89 (10), 77 (15). 
2.54 mm, di-o-tolyl-diazene-N-oxide; 226 (40%), 225 (50), 211(100), 
210 (20), 91(95). 
Reaction 12 lh 	4.4% anthranilic acid, 35.8% o-nitrotoluene. 
2h 	5.4% anthranilic acid, 10.5% o-nitrotoluene. 
3h 	5.4% anthranilic acid, 6.4% o-nitrotoluene. 
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4h 	5.4% anthranilic acid, 3.0% o-nitrotoluene. 
Sb 	5.7% anthranilic acid, 2.4% o-nitrotoluene. 
7h 	5.5% anthranilic acid, 1.5% o-nitrotoluene. 
8h 	5.8% anthranilic acid, 2.1% o-nitrotoluene. 
9h 	5.9% anthranilic acid, 0% o-nitrotoluene. 
El GC-MS 	2.45 mm, o-toluidine; 107 (80%), 106 (100), 89 (10), 77 (15). 
4.86 mm, di-o-tolyl-diazene-N-oxide; 226 (10%), 225 (15), 211(25), 
210 (40), 91(100). 
Reaction 13 11 h trace of anthranilic acid, 100% o-nitrotoluene. 






trace of anthranilic acid, 98% o-nitrotoluene 
trace of antbranilic acid, 95% o-nitrotoluene 
0.5% anthranilic acid, 92% o-nitrotoluene. 
0.8% anthranilic acid, 89% o-nitrotoluene. 
1.0% anthranilic acid, 87% o-nitrotoluene. 
1.3% anthranilic acid, 85% o-nitrotoluene. 
	
Reaction 15 1 h 	0% anthranilic acid, 100% o-nitrotoluene. 
2 h 	0% anthranilic acid, 100% o-nitrotoluene. 
3 h 	0% anthranilic acid, 100% o-nitrotoluene. 
4 h 	trace of anthranilic acid, 100% o-nitrotoluene. 
5 b 	trace of anthranilic acid, 100% o-nitrotoluene. 
6 h 	trace of anthranilic acid, 100% o-nitrotoluene. 
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El GC-MS 	0.63 mm, Fluorobenzene; 96 (100%). 
2.78 mm, o-nitrotoluene; 137 (10%), 121 (10), 120 (100), 92 (50), 91 
(50), 77 (25) and 65 (80). 
Reaction 16 1 h 	0% anthranilic acid, 100% o-nitrotoluene. 
2 h 	0% anthranilic acid, 100% o-nitrotoluene. 
3 h 	0% anthranilic acid, 100% o-nitrotoluene. 
4 h 	0% anthranilic acid, 100% o-nitrotoluene. 
5 h 	0% anthranilic acid, 100% o-nitrotoluene. 
CI GC-MS 	8.15 mm, o-nitrotoluene; 138 (M+1), 156 (M+29). 
El GC-MS 	1.07 mm, toluene; 93 (M+1), 121 (M+29). 
2.79 min,o-nitrotoluene; 137(10%), 121(10), 120(100), 92(50), 
91(50), 77(20) and 65(60). 
Reaction 17 	1 h 2.4% anthranilic acid, 91.6% o-nitrotoluene. 
2 h 5.3% anthranilic acid, 73.4% o-nitrotoluene. 
3 h 7.4% anthranilic acid, 64.8% o-nitrotoluene. 
4 h 8.7% anthranilic acid, 55.8% o-nitrotoluene. 
5 h 	10.0% anthranilic acid, 51.5% o-nitrotoluene. 
6 h 	10.8% anthranilic acid, 40.3% o-nitrotoluene. 
CI GC-MS 	8.13 mm, o-nitrotoluene; 138 (M+1), 156 (M+29). 
El GC-MS 	2.77 mm, o-nitrotoluene; 137 (10%), 121 (10), 120 (100), 91(70), 77 
(25) and 65(80). 
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Reaction 18 1 h 	0% anthranilic acid, 100% o-nitrotoluene. 
2 h 	trace of anthranilic acid, 98% o-nitrotoluene. 
3 h 	0.5% anthranilic acid, 97% o-nitrotoluene. 
4 h 	0.9% anthranilic acid, 97% o-nitrotoluene. 
5 h 	1.3% anthranilic acid, 96% o-nitrotoluene. 
El GC-MS 	2.45 mm, o-toluidine; 107 (80%), 106 (100) and 77 (15). 
2.79 mm, o-nitrotoluene; 137 (10%), 121 (10), 120 (100), 92 (50), 91 
(50), 77 (20) and 65 (70). 
Reaction 19 	1 h 0% anthranilic acid, 100% o-nitrotoluene. 
2 h 0% anthranilic acid, 100% o-nitrotoluene. 
3 h 0% anthranilic acid, 100% o-nitrotoluene. 
4 h 0% anthranilic acid, 100% o-nitrotoluene. 
5 h 0% anthranilic acid, 100% o-nitrotoluene. 
6 h 0% anthranilic acid, 100% o-nitrotoluene. 
El GC-MS 	2.23 mm, TED; 113 (10%) and 112 (100). 
2.79 mm, o-nitrotoluene; 137 (10%), 121 (10), 120 (100), 92 (50), 91 
(50), 77 (20) and 65 (50). 
Reaction 20 1 h 	0% anthranilic acid, 100% o-nitrotoluene. 
2 h 	0% anthranilic acid, 100% o-nitrotoluene. 
3 h 	0% anthranilic acid, 100% o-nitrotoluene. 
4 h 	0% anthranilic acid, 100% o-nitrotoluene. 
5 h 	0% anthranilic acid, 100% o-nitrotoluene. 
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6 h 	0% anthranilic acid, 100% o-nitrotoluene. 







0% anthranilic acid, 100% o-nitrotoluene. 
0% anthranilic acid, 100% o-nitrotoluene. 
0% anthranilic acid, 100% o-nitrotoluene. 
0% anthranilic acid, 100% o-nitrotoluene. 
0% anthranilic acid, 100% o-nitrotoluene. 
0% anthranilic acid, 100% o-nitrotoluene. 
0% anthranilic acid, 100% o-nitrotoluene. 
Reaction 22 1 h 	0% anthranilic acid, 100% o-nitrotoluene. 
2 h 	0% anthranilic acid, 100% o-nitrotoluene. 
3 h 	0% anthranilic acid, 100% o-nitrotoluene. 
4 h 	0% anthranilic acid, 100% o-nitrotoluene. 
5 h 	0% anthranilic acid, 100% o-nitrotoluene. 
El GC-MS 	2.41 mm, o-nitrotoluene; 137 (10%), 121 (10), 120 (100), 92 (50), 91 
(50), 77 (20), 65 (70). 





0.88% anthranilic acid, 56.6% o-nitrotoluene 
1.8% anthranilic acid, 52.7% o-nitrotoluene. 
2.4% anthranilic acid, 33.2% o-nitrotoluene. 
3.0% anthranilic acid, 32.5% o-nitrotoluene. 
2.8% anthranilic acid, % 25.0 o-nitrotoluene. 
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Reaction 24 1 h 	0% anthranilic acid, 95.6% o-nitrotoluene. 
2 h 	0.69% anthranilic acid, 94.4% o-nitrotoluene. 
3h 	0.93% anthranilic acid, 94.4% o-nitrotoluene. 
4 h 	1.2% anthranilic acid, 89.3% o-nitrotoluene. 
5 h 	2.0% anthranilic acid, 88.4% o-nitrotoluene. 
Reaction 25 1 h 	0% anthranilic acid, 100% o-nitrotoluene. 
2 h 	0% anthranilic acid, 100% o-nitrotoluene. 
3 h 	0% anthranilic acid, 100% o-nitrotoluene. 
4 h 	0% anthranilic acid, 100% o-nitrotoluene. 
5 h 	0% anthranilic acid, 100% o-nitrotoluene. 
Cl GC-MS 	7.32 mm, o-toluidine; 108 (M+1), 136 (M+29). 
8.16 mm, o-nitrotoluene; 138 (M+1), 166 (M+29). 
12.16 mm, di-o-tolyl-diazene-N-oxide; 227 (M+1), 255 (M+29). 
El GC-MS 	2.07 mm, o-toluidine; 107 (80%), 106 (100), 89 (10), 77 (15)] 
2.40 mm, o-nitrotoluene; 137 (10%), 121 (10), 120 (100), 92 (50), 91 
(50), 77 (20),65 (70). 
Reaction 26 	2h 1.2% anthranilic acid, 94.6% o-nitrotoluene. 
3h 2.7% anthranilic acid, 90.4% o-nitrotoluene. 
4h 5.8% anthranilic acid, 79.4% o-nitrotoluene. 
5h 6.6% anthranilic acid, 76.3% o-nitrotoluene. 
6h 7.3% anthranilic acid, 74.8% o-nitrotoluene. 
7h 8.2% anthranilic acid, 71.9% o-nitrotoluene. 
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8h 	8.7% anthranilic acid, 69.0% o-nitrotoluene. 
lOh 	10.6% anthranilic acid, 64.9% o-nitrotoluene. 
1 lh 	11.3% anthranilic acid, 62.5% o-nitrotoluene. 
12h 	12.0% anthranilic acid, 61.3% o-nitrotoluene. 
14h 	13.1% anthranilic acid, 58.8% o-nitrotoluene 
16h 14.6% anthranilic acid, 53.9% o-nitrotoluene. 
18h 16.1% anthranilic acid, 50.4% o-nitrotoluene. 
20h 16.9% anthranilic acid, 47.8% o-nitrotoluene. 
24h 18.5% anthranilic acid, 43.2% o-nitrotoluene. 
42h 27.8% anthranilic acid, 28.5% o-nitrotoluene. 
49h 30.3% anthranilic acid, 24.0% o-nitrotoluene. 
66h 	36.8% anthranilic acid, 13.7% o-nitrotoluene. 
73h 	37.2% anthranilic acid, 10.5% o-nitrotoluene. 
74h 	38.5% anthranilic acid, 9.8% o-nitrotoluene. 
75 h 49.5% anthranilic acid, 9.2% o-nitrotoluene. 
Reaction 27 lh 	1.3% anthranilic acid, 88.8% o-nitrotoluene 
2h 6.0% anthranilic acid, 77.4% o-nitrotoluene. 
3h 11.3% anthranilic acid, 61.4% o-nitrotoluene. 
4h 15.6% anthranilic acid, 47.4% o-nitrotoluene. 
5h 18.5% anthranilic acid, 38.1% o-nitrotoluene. 
6h 20.7% anthranilic acid, 33.4% o-nitrotoluene. 
7h 21.9% anthranilic acid, 28.9% o-nitrotoluene. 
8h 22.9% anthranilic acid, 26.2% o-nitrotoluene. 
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lOb 	24.3% anthranilic acid, 23.8% o-nitrotoluene. 
12h 	23.9% anthranilic acid, 22.9% o-nitrotoluene. 
30h 	27.8% anthranilic acid, 20.0% o-nitrotoluene. 
37h 	29.8% anthranilic acid, 18.8% o-nitrotoluene. 
38h 	29.0% anthranilic acid, 18.2% o-nitrotoluene. 
39h 	29.4% anthranilic acid, 17.2% o-nitrotoluene. 
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The work contained in this thesis was intended to study the rearrangement of 
o-nitrotoluene to anthranil which has previously been shown to occur under a variety 
of conditions. 
Flash Vacuum Pyrolysis (FVP) of nitrotoluene over zeolite 13X was carried 
out. o-Nitrotoluene was found to give conversion to toluene in 5.5% yield with 
recovery of starting material (12%). FVP of m-nitrotoluene gave recovery of toluene 
in 8% yield and starting material (7%). FVP of p-nitrotoluene gave only a trace of 
toluene with mainly recovery of unreacted starting material (12%). FVP of 
1-ethyl-2-nitrobenzene over zeolite 13X gave conversion to ethylbenzene in 13% 
yield and styrene in 4% yield along with recovery of a trace of starting material. 
FVP of nitrotoluene was also carried out over the zeolites A, Y, ZSM-5 and 
mordenite as well as alumina and silica. o-Nitrotoluene was found to give 
conversion to aniline by a combined reduction and dealkylation in yields from 5-41% 
with unreacted stating material (0-51%); o-toluidine and toluene were identified as 
minor products in several of the pyrolyses. m-Nitrotoluene over alumina gave 
aniline and m- toluidine. p-Nitrotoluene over zeolite Y and alumina gave conversion 
to aniline and p-toluidine. FVP of 1 -ethyl-2-nitrobenzene over these zeolites, silica 
and alumina gave conversion to aniline and indole in varying amounts; minor 
products of styrene, 2-vinylaniline and ethylaniline were also observed. 
FVP of 3-methylanthranil with no catalyst at 700 °C gave conversion to 
1H-indol-3(2H)-one in 86% yield. FVP of 3-methylanthranil over zeolite mordenite 
at 500 °C gave conversion to 1H-indol-2(211)-one in 11% yield along with unreacted 
lv 
starting material (6%). FVP of 1H-indol-3(211)-one over zeolite mordenite at 500 °C 
gave rearrangement to 1H-indol-2(21])-one in 37% yield. FVP of anthranil over 
zeolite Y at 500 °C gave conversion to aniline in 28% yield. 
Flow pyrolysis conditions have been optimised for the intermolecular 
trapping of intermediates in the reaction of o-nitrotoluene to anthranilic acid. Flow 
pyrolysis of o-nitrotoluene over zeolite Y with both nitrogen carrier gas and 
ammonia reagent gas gave conversion to aniline in low yield (up to 11%) with no 
reaction of intermediates with ammonia; o-toluidine and unreacted o-nitrotoluene 
were also recovered as traces in the product mixtures. 
In aqueous base, o-nitrotoluene was found to give conversion to anthranilic 
acid in yields up to 17%; this is a slight improvement on results reported in the 
literature. The use of phase transfer catalysts was found to increase greatly the rate 
of formation of product. Reaction of o-nitrotoluene in potassium hydroxide in 
methanol at 80 °C gave conversion to anthranilic acid in 40% yield of with 9% 
unreacted starting material. 
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